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ABSTRACT

Conservation, comparative genomics and species delimitation of the reindeer lichens (Cladonia)
by
Jordan Hoffman
Advisor: Dr. James Lendemer
The genus Cladonia represents one of the most speciose genera of lichenized
fungi, with more than 500 known species encompassing a diverse array of morphologies and
habits. These lichens form keystone species in many habitats, serving a variety of ecological
roles. However, despite being among of the more well studied lichens, there is much still
unknown or under-studied about them. As is the case with most lichen study systems,
phylogenetic study has been limited to a small number of partial loci, while adoption of nextgeneration sequence methods has been slow. As a consequence, there are still knowledge gaps in
Cladonia phylogenetics and comparative genomics. The limited application of molecular data
has also left most species, even iconic and well-known taxa such as C. rangiferina, without an
effective re-assessment of species boundaries with molecular data. Like all lichens, Cladonia
species are also understudied in terms of conservation, with only a handful of the speciose genus
assessed with IUCN Red List guidelines. In this dissertation, I take steps in addressing some of
these current shortcomings over five studies; i) I review and analyze the application of traditional
sequence data and the adoption of next-generation sequence data in lichens since 2000, ii) I
conduct a population survey and IUCN Red List assessment for a geographically restricted and
overlooked species, C. submitis, listing the species as Endangered (EN), iii) I sequence and
assemble the mitochondrial genomes of multiple Cladonia species and examine the
mitochondrial genome architecture and diversity of homing endonuclease genes within and
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among species in the genus, iv) I assess the evolutionary relationships and species boundaries of
three morphologically similar and partly co-occurring species, C. rangiferina, C. oricola and C.
stygia, and v) I investigate the delimitation between widely disjunct populations of C. submitis,
describe the population in east Asia as C. miyabii sp. nov., and assess the species as Vulnerable
(VU) under IUCN guidelines. These studies generated a wealth of assembled mitochondrial
genomes and other molecular data for Cladonia, provided the first intraspecific comparison of
lichen mitochondrial genomes and homing endonuclease genes, established molecular support
for multiple distinct species including one new to science, and contributed to a steadily growing
body of conservation assessments, of which lichens are desperately in need.
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CHAPTER 1. Introduction
Lichens are a diverse collection of fungi that have converged on the same lifestyle, a
complex mutualism with at least one photosynthetic partner. These fungi, with representatives
dispersed widely across Ascomycota and Basidiomycota (Lutzoni et al. 2001; Lücking et al.
2017), are ubiquitous components of terrestrial habitats worldwide (Nash 1996; Øvstedal and
Smith 2008). Across all seven continents, lichens have diversified dramatically into more than
17,000 unique species (Lücking et al. 2017), radiating into a variety of niches and ranges both
restricted and widespread (Culberson 1972; Jørgensens 1983; Werth 2011). Lichens form
integral elements of food webs (Nugent 1990; Johnson et al. 2000; Nimis and Skert 2006),
provide habitat for a diverse microbiome (Hodkinson et al. 2012; Noh et al. 2020) and even some
larger animals like arthropods (Lalley et al. 2006; Howe 2016), and degrade rock and mineral
into soil through secreted digestive enzymes (Chen et al. 2000; Asta et al. 2001; de la Rosa et al.
2013). The immense diversity of secondary metabolites produced by lichens have made many
species valuable sources of dyes and medicinal chemicals throughout history, and even today
(Casselman 2001; Ranković 2015; Crawford 2019).
Yet despite their staggering abundance, critical ecological roles and considerable
economic value, many aspects of research into this polyphyletic group are still understudied, or
even totally unexplored. For example, the vast majority of lichen phylogenetic studies thus far
have utilized only one or a few partial loci, which are sometimes incapable of resolving lichen
evolutionary relationships with confidence (Truong et al. 2013; Mark et al. 2016; Stenroos et al.
2019). Technological advances have paved the way to partial and whole genome sequencing
methods, which can provide considerably more data than traditional methods (e.g., Sanger
sequencing; Mardis 2008). Despite the increasing availability and decreasing cost of this
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technology, the field of lichenology has been slow to adopt to this expanded molecular toolbox.
These more limited traditional sequence methods are still prevalent in lichenology even in recent
years (Kondratyuk et al. 2017; 2019; Jung et al. 2019), even as next-generation sequencing
becomes more accessible. This continued adherence to traditional methods is due in part of the
wealth of traditional sequence data already generated for lichens, which is far cheaper and easier
to utilize than sequencing new data.
Lichens are also remarkably understudied with respect to conservation (Allen et al.
2019). There are more than 17,000 known species of lichens, yet only 57 have received an IUCN
Red List assessment as of June 2021 for example (IUCN, 2021). A significant proportion of
these listed species received their assessment only in the last few years. This limited
representation poorly reflects their need for conservation and management; lichens are notorious
bioindicators of habitat quality, with many species responding quickly and negatively to
pollution and habitat degradation (Nash 1976; Conti and Cecchetti 2001; Giordani 2007).
Additionally, while representing an impressive array of fungal diversity, many species
have only been described using phenotypic characters, lack molecular data or have still not been
subject to a targeted species delimitation or phylogenetic assessment (Hoffman et al. 2018). This
is particularly the case for studies in biogeographic patterns among lichens, with limited studies
that explicitly investigate species with widespread or disjunct distributions (Myllys et al. 2003;
Del-Prado et al. 2013; Leavitt and Fernández-Mendoza 2013a, 2013b; Wei et al. 2017; GarridoBenavent et al. 2018). Because taxonomy forms the foundation of many other fields of biology,
the need to reassess long-standing taxonomic classifications with molecular data is an important
priority. Particularly, this problem complicates lichen conservation; it is imperative to accurately
define a species and understand its genetic diversity in order to appropriately assign resources to
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conserving it (Agapow et al 2004; Isaac et al. 2004; Garnett and Christidis 2017). Inaccurate or
incorrect species delimitation may result in underestimating or overestimating the threats facing
“true” species. While re-examinations of standing species classifications with molecular tools
has ramped up in lichenology in the past two decades, many taxonomic groups are still lacking
such treatment (Hoffman et al. 2018). Moreover, some groups that received such treatment still
hold ambiguous relationships and taxonomic delimitations due to limitations of the molecular
data analyzed (e.g., Leavitt et al. 2011).
These issues are persistent even for some of the most iconic and speciose lichen families,
genera and species. The family Cladoniaceae, the third most speciose lichen family, and the
genus Cladonia, are prime examples of incredibly diverse taxonomic groups still in need of
significant study. Like many representatives of Cladoniaceae, Cladonia is made up of
predominantly large, conspicuous macrolichens that often grow voluminous fruticose thalli. With
well over 500 known species, this cosmopolitan genus is one of the most well-known and
identifiable by the public. Its widespread occurrence, its typically distinct morphologies
(Culberson 1972; Ahti 2000), and the close association of some of its members such as C.
rangiferina with the Caribou (Rangifer tarandus) and other charismatic fauna (Bergerud 1972;
Thomas et al. 1996; Johnson et al. 2000), has fostered notoriety and driven considerable research
into members of the genus over the years (Thomson 1967; Stenroos et al. 2002; 2019). However,
as a symptom of the slow adoption of next-generation sequencing in lichenology, molecular
research on Cladonia species has predominantly utilized the Internal Transcribed Spacer region
(ITS), the proposed universal barcode for fungi (Schoch et al. 2012), and a few other partial loci.
While effective in many fungal groups, these locus fragments and ITS in particular were found to
have limited resolving power in Cladonia (Pino-Bodas et al. 2013; Kanz et al. 2015).
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The second chapter of this dissertation reviews the literature of lichen genetic research
between 2000 and 2016, analyzing the application of single or multiple loci towards
phylogenetic or population genetic study. This chapter also assesses the focal family or families
of that research, determining where genetic research has been focused and where it is lacking.
Lastly, this review investigates the use of next-generation sequence methods in lichenology
relative to traditional sequence methods (e.g., Sanger) to investigate how these methods have
been applied to lichen study, and to what degree.
As with other lichens, conservation study on Cladonia species is similarly lacking. Of the
57 lichens currently assessed using IUCN criteria, three belong to the genus Cladonia (IUCN
2021). Still, this small number makes it one of the more represented lichen genera in
conservation. Like many listed lichens, these species face major threats from anthropogenic
disturbances, habitat degradation and climate change, among other factors (Yahr 2003;
Lendemer et al. 2020). However, three assessed species is an incredibly small fraction of the
known Cladonia species. Notably, each of these species with IUCN assessments are listed as
Endangered, and it is highly likely that more threatened species exist among the remaining
unassessed members of the genus. Cladonia submitis is one such species that has until now been
without assessment; originally described as endemic to the mid-Atlantic coast of North America
(Evans 1943) and later found in east Asia, this species inhabits regions strongly affected by
urbanization. In the remaining fragmented habitat, the species lives precariously among fire
regime-dominated pine barrens and along coastal dunes - two habitat types facing significant
impacts from climate change. However, the species has not received a complete IUCN
assessment until now.
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The third chapter of this dissertation presents a conservation assessment for C. submitis,
using IUCN Red List criteria. This study employed herbarium records as a guide for dedicated
survey efforts of the species across its core range in North America, measuring population
declines over the last three generations. The relationship between the disjunct American and
Asian populations was also assessed to determine if the two could be reasonably grouped for a
conservation assessment. Ultimately this chapter provided a listing for the species as Endangered
under IUCN guidelines, adding another species to the steadily expanding list of recognized
threatened lichens.
Some of the most recent applications of next-generation sequencing methods to lichens
have begun to explore and compare the architecture of mycobiont mitochondrial genomes. While
there are few mitochondrial genomes assembled and annotated for lichens, Cladonia ranks
among the most represented genera in terms of mitochondria sequenced. Two recent studies in
particular have made interesting observations in the mitochondria of the handful of Cladonia
species examined, noting an abundance of homing endonuclease genes (HEGs) and intronic
space, particularly in the gene Cytochrome Oxidase 1 (COX1, Pogoda et al. 2018; Birgham et al.
2018). However, the studies thus far have been limited in scope and scale, with few
representative species and no intraspecific representation. The fourth chapter of this dissertation
explores the gene order and architecture as well as the diversity and evolutionary history of
HEGs in Cladonia at multiple scales. In this chapter, I present assembled and annotated
mitochondrial genomes for more than 20 species, with heavy population-level representation for
two species, C. rangiferina and C. submitis.
Many of the more than 500 described species in Cladonia are still in need of treatment
and review with modern phylogenetic analyses. Over the years, species have been described on
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sometimes relatively slight morphological or chemical differences in the absence of support from
molecular evidence. Such is the case for species such as C. stygia and C. oricola, split from C.
rangiferina based on morphological evidence in 1985 and 2008 (Ahti and Hyvönen 1985; Ahti
and Stenroos 2008). While these species are morphologically distinct, C. rangiferina is a
phenotypically plastic species, and misidentifications between C. stygia and C. rangiferina are
common (Kanz et al. 2015). Phylogenetic evidence thus far has either not sufficiently resolved
the relationship among these species (Stenroos et al. 2002; Kanz et al. 2015; Stenroos et al.
2019), or has not investigated them at all, in the case of C. oricola. Chapter five of this
dissertation explores the species boundaries among these currently separate taxa to determine
their validity as distinct species. In this chapter, I employ a large suite of mitochondrial and
nuclear loci and a variety of species delimitation methods to assess whether C. rangiferina, C.
stygia and C. oricola are distinct species from one another under the phylogenetic species
concept.
Finally, among the many described species in Cladonia exist taxa with strong
disjunctions, with populations isolated across regions by great distance and other barriers to gene
flow. Only a handful of these species have been explored across their range using genetic data
(Myllys et al. 2003; Park et al. 2012). Among these species, C. submitis stands out. Originally
described from North America (Evans 1943), its known range was quickly expanded to Japan
and eastern Russia, although the taxonomic assignment of the east Asian population was soon
brought into question (Ahti 1961). Morphology and habitat differences suggested the two
populations were distinct, but in the absence of molecular evidence, a confident delineation
could not be made. Thus, the final chapter of this dissertation employs mitochondrial and nuclear
loci to resolve the relationship between east Asian and North American populations of C.
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submitis. Using a phylogenetic approach and species delimitation tools, I investigate the species
boundary between the two populations and describe the east Asian population as a new species,
C. miyabii sp. nov. This species is also given a conservation risk assessment under IUCN
guidelines.
This dissertation puts forth a diverse collection of studies which contribute not just to the
overall knowledge of Cladonia, but to lichens more broadly. While the literature review and
meta-analysis presented in chapter two form a resource to guide future research, the species
delimitation studies and IUCN assessments in chapters three, five and six have produced tangible
results with meaningful impact for the taxonomy and conservation of multiple species. Lastly,
this dissertation has generated substantial next-generation sequence data including almost 80
complete mitochondrial genomes, which are currently rare resources in lichenology. Ultimately
the results of these studies and the data generated here will form influential foundations of other
studies in the field of lichenology and Cladonia research moving forward.
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CHAPTER 2. A meta-analysis of trends in the application of Sanger and next-generation
sequencing data in lichenology

2.1 Abstract
DNA sequencing techniques and molecular and phylogenetic analyses have developed rapidly
over a short time, finding application in fields across biology and medicine. The field of
lichenology is no exception, with hundreds of studies utilizing DNA sequences to reconstruct
phylogenies and uncover the evolutionary histories of populations and species. Given the
dramatic advancements of sequencing technologies, analytical techniques and computational
capabilities, an assessment of trends in molecular lichen research is timely. We present a
literature meta-analysis that reviews the existing published molecular and phylogenetic research
using traditional (e.g., Sanger) and next-generation (e.g., Illumina) sequencing technologies.
Specifically we (i) determine how molecular data have been applied to lichens thus far, (ii)
document and discuss trends in sequence data application, (iii) examine taxonomic
representation and biases at the family level, and (iv) outline avenues of future research as well
as highlight areas where targeted study is urgently needed. The number of multi-locus studies
have increased considerably over time, but the reliance on single loci (particularly ITS) continues
to be an issue in lichenology. Current molecular research has disproportionately focused on
Parmeliaceae and a few other families, leaving the majority of lichen families markedly
understudied or entirely unstudied with molecular data. Finally, next-generation molecular
studies are still under-utilized in lichenology, but has seen wider adoption in recent years.

2.2 Introduction
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The rapid and continuous advancement of DNA sequencing and molecular data analytical
techniques has provided means to address a diverse range of biological hypotheses. Modern
DNA sequencing and molecular analytical techniques have been applied to explore the diversity
and evolutionary histories of organisms across the kingdoms of life (James et al. 2006, Hedges
2012, Leliaert et al. 2012, Lang et al. 2013, Smirnov et al. 2016, Wang et al. 2016). Molecular
tools and analyses are also increasingly creatively employed to study populations and species on
ecological timescales, to understand recent evolutionary histories, (e.g., Mathias et al. 2016,
Saarinen et al. 2016), and population sizes (e.g., Wang & Whitlock 2003, Do et al. 2014). The
results of these studies are also increasingly translated into applied management decisions and
policies that inform conservation of species and the ecosystems in which they occur (e.g.,
Dudgeon et al. 2012, Zacarias et al. 2016). At even broader scales, molecular data are employed
to examine gene expression and protein function (e.g., Coradetti et al. 2012, Külahoglu et al.
2014). In short, the potential applications for these tools and technologies continue to rapidly
evolve as sequencing, programming and computing technology improves.
As has been the case for many fields, lichenology has benefited substantially from
advances in molecular tools and analytical techniques (reviewed in: Bridge and Hawksworth
1998, Crespo et al. 1998, Printzen 2010, Werth 2010). For instance, the application of markers
such as the nuclear internal transcribed spacer (ITS) and the small subunit rDNA (nuSSU or
mtSSU) have uncovered previously unexpected evolutionary relationships among lichen species
(Buaruang et al. 2015, Ekman et al. 2014, Schmull et al. 2011), and revealed unanticipated
species and subspecies diversity within others (Kroken & Taylor 2001, Lendemer 2012, Magain
& Sérusiaux 2015, Molina et al. 2011, Truong et al. 2013). These and other loci have also been
employed to test a multitude of hypotheses regarding reproductive modes (Buschbom & Mueller
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2006; Messuti et al. 2016; Tripp 2016), growth forms (Högnabba 2006, Lendemer & Hodkinson
2013) and life strategies (Divakar et al. 2015, Wedin et al. 2004). In recent years, microsatellites,
conserved markers and single nucleotide polymorphisms (SNPs) have been applied to studies of
population genetics (Altermann et al. 2014, Widmer et al. 2010).
The evolving repertoire of molecular tools and techniques has allowed researchers to
begin to scratch the surface of important questions regarding lichen symbioses, symbionts, and
their ecologies. Nonetheless, many critical questions remain to be fully explored. For example, to
date lichen dispersal and phylogeography has been explored at relatively limited spatial or
taxonomic scales (e.g., Alors et al. 2016, Fernández-Mendoza & Printzen 2013, Leavitt et al.
2015). Likewise, while recent studies have pioneered population genetics in lichens (Cao et al.
2015, Núñez-Zapata et al. 2015, Werth & Scheidegger 2012), the majority of publications that
have used microsatellites and similar markers have focused on a single, well-studied species,
Lobaria pulmonaria (Walser 2004, Widmer et al. 2010). From a molecular perspective, other
exciting and as yet underexplored topics include reproduction modes and strategies, community
composition (both of lichens and their symbiont pools in the environment), chemistry, and gene
expression. Despite the breadth and number of molecular studies in lichenology, the vast
majority have relied on traditional technologies (e.g., Sanger sequencing). However many of the
most exciting hypotheses and challenging problems remain largely intractable using such
techniques. This is due to the types and quantities of data, as well as the cost and time that would
be required to analyze them.
Substantial advancements outside of lichenology during the last decade have resulted in
the development of Next-Generation Sequencing (NGS) technologies and bioinformatic
analyses. NGS utilizes “massively parallel sequencing” to process millions of reads at a time,

10

and generate considerably larger quantities of genetic, genomic or transcriptomic data than
traditional methods (Mardis 2008). These technologies have already been used in mycology to
assess species diversity in a variety of settings, including decomposing log communities
(Bragina et al. 2015) and household dust (Dannemiller et al. 2014). In other systems,
metabarcoding and metagenomics have been employed to assess community composition and
species diversity in soil crust bacterial communities and microbiomes within other organisms
(Salgado-Flores et al. 2016, Summers et al. 2013). Further, NGS data have been used to examine
protein and enzyme function in specific microbiome bacteria (Iakiviak et al. 2011).
When applied to lichenology, phylogenomic analyses of NGS could resolve deep
evolutionary histories of lichen families and higher order classifications. Population genomic
data could unveil the detailed history of range expansion and contraction, dispersal and gene
flow within and among species and communities. Transcriptomic data could uncover the
function of genes involved in critical processes such as desiccation survival and the generation
and metabolism of the diverse chemistry characteristic of lichens. Application of NGS data and
bioinformatic techniques to these avenues has the strong potential to lead to significant
discoveries and transform understanding of the lichen symbiosis.
Here we review the last decade and a half of ecological, evolutionary and taxonomic
molecular research on lichens. We use this review to identify and examine trends in the use of
molecular tools and analyses. Concurrently we demonstrate that while the number of NGS
studies in lichenology has increased in recent years, there is still tremendous potential for NGS
applications in lichenology in the future.

2.3 Methods

11

Literature Dataset Compilation
A literature meta-analysis was carried out on lichen phylogenetic and molecular studies.
Peer-reviewed primary literature was collated from the Recent Literature on Lichens online
database (RLL; Culberson et al. 2015). The RLL database was searched for relevant literature
from 2000 to 2016. For traditional molecular studies that did not employ next generation
sequencing, a simple word search was used to query for relevant studies. Articles with the term
“molecular” in the title, abstract or keywords were identified and compiled into a dataset for
subsequent analysis. For studies that utilized NGS technology, RLL was searched using ten
different search words (genome, transcriptome, next generation sequencing [with and without
hyphen], pyrosequencing, Illumina, nanopore, phylogenomics, RAD-seq, RNA-seq, and
metabarcoding). Studies were listed based on the keywords used (e.g. studies using
transcriptomics and cDNA were considered separate if they used different, non-overlapping
keywords). Literature searches for NGS studies were not bounded by year, as non-NGS studies
were. This was done to maximize the potential of locating all available literature on the former
topic.

Literature Dataset Filtering
The dataset of literature entries obtained from the initial queries was then filtered
following examination of the original studies. Studies were excluded from the dataset and
subsequent analyses if they met any of the following criteria: (i) were a solitary abstract, book
chapter, methodological paper, notification of corrigenda, or review paper; (ii) did not utilize
DNA markers or analyses; (iii) specifics pertaining to the molecular data and/or analyses were
lacking or unclear from the publication; or (iv) the publication could not be obtained (<5 studies
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were excluded with this criterion). Studies published in thesis and festschrift issues of nonstandard serials were also excluded.
For all remaining studies, the following characters were scored: (i) molecular markers
used (e.g., ITS, microsatellites, transcriptome); (ii) lichen families analyzed; (iii) whether the
study investigated the mycobiont, the photobiont, or both symbionts; (iv) keywords included in
the study excluding those used to query RLL. Compiled species diversity estimates were
extracted from Lücking et al. (2016) and used to assess the relationship between the number of
studies per family and the species richness per family. For this study, microsatellites were treated
as a single molecular marker type regardless of the number of loci applied. Supplementary to the
literature search, the widely used molecular data repository GenBank was also searched for
lichen mycobiont genomes. The published articles of identified genomic submissions were crossreferenced against the dataset compiled from RLL that employed NGS methods to identify
studies wherein the data had not yet been released in GenBank.

2.4 Results and Discussion
Between January 2000 and November 2016, 16682 articles were listed and referenced in
RLL. A literature search of RLL revealed 758 entries with “molecular” present in the title,
keywords or abstract. Of these 758 entries, 235 were excluded based on the following: bulletins
or newsletters (2 papers), theses or festschrifts from non-standard serials (5 papers), presentation
abstracts from symposia (3 papers), review papers (29 papers), book chapters (24 papers),
descriptions of new methods and primers (15 papers), or were not germane this study (157
papers). After filtering, a total of 524 molecular studies of lichen mycobionts and/or photobionts
using traditional (i.e., non-NGS) techniques from RLL remained and were used the present meta-
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analysis. Thirty-one (5.9%) of these studies analyzed exclusively lichen photobionts, while
another 24 (4.6%) examined both the photobiont and mycobiont. Thus the majority of lichen
molecular studies published between 2000 and 2016 focused exclusively on mycobionts (470,
89.7%). Trends and patterns uncovered through the review of the primary literature, coupled
with analyses of data for molecular marker diversity and use, lichen family representation, as
well as type and application of NGS, are presented and discussed in detail below.

The Rise and Fall of “Molecular,” and Other Keywords
Keyword choice is an important decision for publishing authors, as keywords often
influence whether a publication is recovered in searches. Interestingly, we found that keyword
use did not remain consistent through the time period studied for this analysis. Between 2000 and
2016, shifts in the patterns of keywords were documented, specifically the number of studies that
listed “phylogeny” and “molecular” declined sharply in 2004 and 2010 respectively
(“phylogeny” = 32 studies to 12, “molecular” = 32 studies to 8) and remained at low numbers
thereafter (Figure 2.1). Similarly, after an increase of use in 2005, “phylogenetics” declined
sharply in 2010 (from 22 studies to 4).
This fluctuation in keywords may in part reflect shifts away from broad, general terms in
favor of more specific ones, as certain methods and analyses became more commonplace. For
example, if a study employed loci such as ITS and mtSSU and referenced them specifically as
keywords, including the word “molecular” would be redundant, since the use of molecular
techniques is implied by the locus names. Likewise, use of “phylogenetics” implies that the study
constructed or analyzed a phylogeny, making “phylogeny” redundant as well. It is not
unexpected that different descriptive and methodological terms become synonymous with others
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over time, as the methods involving them become more widely used. Given the fluidity of
keywords, and their tendency to become redundant, it is important that those searching the
literature are aware of such changes and incorporate them into their search queries. Concurrently
authors should be aware of this phenomenon and give careful consideration to their keyword
choice, taking into account conceptual overlap of terms (e.g., listing molecular loci vs. specifying
that a study uses molecular data).

A Brief History of Locus Application
Fields that utilize molecular data have seen exponential growth and development in
sequencing technology and computational capability during the last two decades (Buermans &
Den Dunnen 2014). At the same time, costs have declined and the barrier that previously limited
access to molecular tools has diminished considerably (Drmanac 2011). These advances have
been adopted more rapidly in some fields than others, and have resulted in datasets comprised of
exponentially larger numbers of samples and loci. Lichenology is no exception to this trend;
from 2000 to 2016, the average number of loci used per study increased from an average of 1.20
to 2.65 (averaging 2.02 loci across all years; Figure 2.2). As the above would suggest, the
proportion of studies based on a single locus decreased substantially through time, from 85.0% to
26.5%. Interestingly, 2014 experienced the lowest proportion of single locus studies at 16.2%
(Figure 2.3).
On average across all years, 28.6% of single-locus studies used ITS. In fact, our metaanalysis revealed that ITS was the most widely used locus in lichenological molecular studies.
Fully 68.7%, or 360 of the total 524 studies that we reviewed, utilized ITS. This was the case in
both mycobiont-only and photobiont-only studies (a see Supplemental Table 2.S1 for a
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breakdown of locus applications arranged by biont studied). The second most utilized locus was
the nuclear large subunit (28S) ribosomal DNA region (nuLSU) that was incorporated in 36.6%
(192 of 524 studies) of the studies examined. This discrepancy in frequency illustrates a bias
towards the use of the partial or complete ITS region. The overwhelming use of ITS may be due
in large part to a cumulative effect derived from more reference sequences available from
increasing numbers of studies. This trend may also reflect the widespread adoption of ITS as the
universal barcoding region for fungi (Begerow et al. 2010; Schoch et al. 2012). Given the broad
advocacy for use of ITS in species-level research (e.g., Nilsson et al. 2008; Kelly et al. 2011;
Yahr et al. 2016), it is also possible that the large number of studies illustrates that species-level
questions have been the dominant avenue of inquiry in lichenology during the last two decades.
While single-locus studies have decreased since 2000, they still comprised more than a
quarter (26.5%) of the studies reviewed for 2016. At the same time, while the number of loci
used has generally increased over time, some studies (0-5 per year, mean 2.3 studies over 17
years) inferred phylogenies using only a combination of data from nuclear loci (nuSSU, nuLSU
and/or ITS). Those three loci, widely used in lichenology (Supplemental Table 2.S1), are
collectively part of the nuclear ribosomal DNA region and are transcribed together (Iwen et al.
2002), suggesting a high likelihood of linkage. Thus, care should be taken to avoid the sole use
of linked loci in multi-locus studies. Moving forward, the identification and implementation of
more loci for use molecular studies should focus on locating loci from other parts of the genome,
including organelles.

Sequencing Technologies and Lichenology
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Traditional sequencing was the backbone of phylogenetics and related fields prior to the
advent of NGS, as exemplified by the 524 studies that employed Sanger sequencing. By contrast,
between 2000 and 2016, 53 lichen studies that utilized NGS were published and indexed in RLL,
and no NGS studies published prior to 2009 were found. Rather than focusing on the dominant
fungal and algal symbionts themselves, nearly half (23, 43.4%) of the NGS studies examined
lichen-associated community composition (i.e., bacterial, viral and/or non-lichen eukaryotes) or
biological soil crust communities. The small number of lichen focused studies that employed
NGS, and the high proportion of these studies that focused on lichen-associates, rather than the
mycobionts and photobionts themselves, is striking.
Thirty (56.6%) of the NGS studies we reviewed focused on mycobionts and photobionts
specifically, and summary of the data that were used is presented in Figure 2.4. Of these studies,
11 (36.7%) analyzed partial or complete genomic DNA, three (11.1%) analyzed transcriptome
data, ten (37.0%) analyzed sequencing specific amplicons of ITS and other loci, three (11.1%)
designed and applied microsatellite primers, and one each (3.7%) involved RNA-seq, cDNA
sequencing, and metabarcoding of lichen communities. While diverse types of data have been
used in studies of mycobionts and photobionts, some types of NGS data appear not to have been
utilized as of the writing of this paper. Specifically we found that Nanopore and RAD-seq were
neither used in the studies we examined, nor did they return any hits as keywords in our literature
search.
Nanopore is a rapidly developing sequencing method that uses nanopore structures
imbedded in a flow cell to sequence extremely long DNA strands, eliminating the need for PCR
(Branton et al. 2008; Maitra et al. 2013). While it has primarily seen use in medicine and
epidemiology (Greninger et al. 2015; Quick et al. 2015), it has been applied in some situations to
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generate genomes from non-model organisms (e.g., extremophilic algae, Davis 2016) and
identify fungal pathogens of plants (Malapi-Wight et al. 2016). The potential of Nanopore to
sequence genomic DNA, circumventing the need for PCR, could be particularly useful in
instances where lichen metabolites or other factors may affect PCR success (Gueidan et al.
2016). Additionally, the small size of fungal genomes (e.g., Cladonia grayi, has a nuclear
genome of ~34 Mb; Grube et al. 2014) could make Nanopore broadly applicable for lichen
genomic studies as smaller genomes can be rapidly sequenced, allowing researchers to multiplex
and generate data for large numbers of samples.
Like Nanopore, Restriction site Associated DNA-sequencing (RAD-seq) is another
effective tool for phylogenomics, population genomics and genome assembly, which has been
successfully used in plants (e.g., domestic sunflowers, Helianthus annuus, Pegadaraju et al.
2013; bottle gourds, Lagenaria siceraria, Xu et al. 2014) animals (e.g., pond snails Lymnaea
stagnalis, Liu et al. 2013; multiple gecko species, Gamble et al. 2015) and non-laboratory
budding yeast (Saccharomyces cereviciae) populations (Cromie et al. 2013). RAD-seq uses
specially designed tags associated with restriction sites to isolate and amplify comparable DNA
regions from throughout the genome.
Microsatellites, repeating base-pair motifs in non-coding DNA regions, are conceptually
similar to RAD-seq in terms of their application in population genetics and similar research (Li
et al. 2002). Microsatellites have long been the molecular marker of choice for population
genetics research (e.g. Ashley 2010; Miah et al. 2013; Presti & Wasko 2014); however, they
require substantial resources to develop in part because the primers are species-specific and loci
must be amplified independently for each sample. Despite their widespread use across a diverse
range of organisms, microsatellites have been generated for only a small subset of lichen species,
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namely Lobaria pulmonaria (Widmer et al. 2010), Buellia frigida (Jones et al. 2013), Parmelina
carporrhizans (Alors et al. 2014), Peltigera dolichorrhiza (Magain et al. 2010), and
Protoparmeliopsis muralis (Guzow-Krzemińska & Stocker-Wörgötter 2013), as of the writing of
this paper. Since RAD-seq does not require specially designed primers, but rather uses restriction
enzymes, it can be applied to lichen phylogenomics, phylogeography and population genomics
of species without the need for primer design.

Genomics and Lichens
Between 2000 and 2016, eight assembled lichen mycobiont nuclear genomes from six
species (Cladonia metacorallifera (1), C. macilenta (1), Endocarpon pusillum (2) Gyalolechia
flavorubescens (1), Lasallia pustulata (1, listed as Umbilicaria pustulata), and Umbilicaria
muhlenbergii (1)), were recovered from a search of the NCBI repository GenBank. Four
mycobiont mitochondrial genomes were also recovered from GenBank: Lecanora strobilina (1),
Peltigera dolichorrhiza (1), P. malacea (1) and P. membranacea (2). Of the above, all but
Lasallia pustulata, Lecanora strobilina and Peltigera dolichorrhiza were referenced directly in
the literature we reviewed. Two studies we reviewed also generated partial or complete
assembled genomes from Cladonia uncialis (Abdel-Hameed et al. 2016) and Rhizoplaca
melanophthalma (Leavitt et al. 2016). However, these had not been released in GenBank as of
the writing of this paper.
Genomes of only ten lichen species have been referenced in the literature, yet in contrast
there are estimated to be more than 100,000 species of lichen-forming fungi (e.g., Lücking et al.
2016). This is surprising given the large-scale genomic projects currently underway in
mycology; for example, the 1000 fungal genomes project, has already sequenced over 800
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sequenced fungal genomes (Grigoriev et al. 2013). This wealth of genomic data has already
proven instrumental in developing a greater understanding of deep evolutionary patterns and
speciation within fungi (Gladieux et al. 2014), species and chemical diversity (Cuadros-Orellana
et al. 2013), and adaptation to the various fungal life strategies observed in nature (Lo Presti et
al. 2015). There is a strong potential for genomics to address comparable long-standing questions
in lichenology. It is also significant that genomic advances in mycology have occurred largely in
the absence of a lichen perspective, despite the fact that lichens are both speciose and
representative of many separate fungi lineages (Lücking et al. 2016).

Taxonomic Bias and Lichen Molecular Data
In total, 61 families of Ascomycete and Basidiomycete lichens were represented in the 490
mycobiont focused non-NGS studies we examined (see Table 2.1). Parmeliaceae was by far the
most studied lichen family in the non-NGS literature, represented by 109 (22.2%) studies. After
Parmeliaceae, the ten families with the highest representation were: Teloschistaceae (31 studies,
6.3%), Physciaceae (25 studies, 5.1%), Cladoniaceae (24 studies, 4.9%), Lecanoraceae (22
studies, 4.5%), Lobariaceae (21 studies, 4.3%), Verrucariaceae (18 studies, 3.7%), Graphidaceae
(16 studies, 3.3%), Peltigeraceae (14 studies, 2.9%), Ramalinaceae (12 studies, 2.4%),
Stereocaulaceae (11 studies, 2.3%), and Pannariaceae (10 studies, 2.0%). Forty-nine of the 61
lichen families studied in the literature were represented by fewer than 10 studies across the 17year timeframe and number of studies per family was correlated to the species richness (Linear
regression; R2 = 0.668, p < 0.001; Figure 2.5). The above results must be placed in the context
that only the focal families for each contribution study (i.e., outgroups and non-focal taxa
included to broaden taxon sampling are not reflected in Table 2.1). Nonetheless, studies that
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investigated higher-order relationships among multiple lichen lineages (vs. focused studies of
one or more families) were also highly represented (40 studies, 8.2%) among the literature we
reviewed.
Studies that employed NGS, however, did not replicate the above patterns. Of the 25
mycobiont-focused NGS studies, Cladoniaceae were most highly represented (8 studies, 32.0%).
Other families represented in the NGS literature included Verrucariaceae (3 studies, 12.0%),
Lecanoraceae (2 studies, 8.0%), Peltigeraceae (2 studies, 8.0%), Umbilicariaceae (2 studies,
8.0%), Hygrophoraceae (1 study, 4.0%), Lobariaceae (1 study, 4.0%), Parmeliaceae (1 study,
4.0%), and Stereocaulaceae (1 study, 4.0%). Similarly, five NGS studies investigated higherorder relationships than families.
The strong skew towards Parmeliaceae in the literature we reviewed almost certainly
reflects its position as the most species-rich lichen family (Lücking et al. 2016). However, it may
also be attributable to the fact that members of the family are common, distributed worldwide,
and comprise conspicuous, easily collected macrolichens, that are ideally suited for laboratory
work. Excluding the ten highly represented families in addition to Parmeliaceae, the majority of
lichen families (49, 83% of those studied with molecular methods) were represented by fewer
than 10 studies (Table 2.1). Moreover, between 2000 and 2016, 19 of those 49 families were
only represented by a single study.
In addition to the disproportionate representation of species rich families outlined above,
it must be noted that only 53.0% of lichen families have been the focus of any molecular or
phylogenetic study. That means that nearly half (47.0%) of all lichen families (54 of 115
established lichen families following Lücking et al. (2016)) have not been the focus of detailed
molecular study. The majority of such families are not species-rich and are thought to occupy
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isolated positions in various fungal lineages (e.g., Aphanopsidaceae with 5 species;
Strangosporaceae with 10 species), though notable exceptions include Opegraphaceae (365
species) and Catillariaceae (174 species; Lücking et al. 2016). The resources assembled here
(Table 2.1), establish a guide for further study and complement the taxonomic summary of
available molecular data presented by Lücking et al. (2016).

2.5 Conclusion
This study comprises the first meta-analysis of lichen molecular studies. Collectively,
our results shed new light on the history of, molecular data and their application in lichenology
based on both traditional and NGS techniques. Specifically we identified trends as such as the
disproportionate use of ITS, and a strong focus on species-rich lichen families such as
Parmeliaceae coupled with a substantial underrepresentation of many families that comprise the
bulk of evolutionary diversity in lichens (i.e., the panoply of lineages outside the Lecanorales
and the Lecanoromycetidae). Arguably, the most notable result is the paucity of NGS studies,
although we demonstrate a trend of increasing use in recent years. The growing application of
NGS likely reflects a consensus that these techniques have the potential to revolutionize the
study of lichenology and concurrently broaden its integration with diverse fields in the natural
sciences.
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2.6 Figures and Tables
Table 2.1 - The proportion of molecular studies between 2000 and 2016 using specific loci,
broken down by the specific locus or type of locus employed.
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Table 2.2 - Lichen family diversity (Lücking et al. 2017) and representation in traditional (NonNGS) and next-generation (NGS) molecular and phylogenetic literature between 2000 and 2016,
from 524 peer-reviewed studies. Data presented here represent literature where the determined
family was the focus of the study, rather than instances where sequences were included in
analyses, such as outgroup taxa.

Family
# Species
Non-NGS NGS
Acarosporaceae
259
7
Andreiomycetaceae
2
0
Antennulariellaceae
1
0
Aphanopsidaceae
5
0
Arctomiaceae
16
2
Arthoniaceae
717
3
Arthopyreniaceae
5
1
Arthrorhaphidaceae
13
0
Atheliaceae
2
0
Baeomycetaceae
19
2
Biatorellaceae
30
0
Brigantieaceae
29
0
Caliciaceae
675
2
Cameroniaceae
2
1
Candelariaceae
66
3
Carbonicolaceae
3
1
Catillariaceae
174
0
Celotheliaceae
8
0
Chrysotrichaceae
18
0
Cladoniaceae
558
24
Clavulinaceae
16
1
Coccocarpiaceae
39
1
Coccotremataceae
26
5
Coenogoniaceae
90
0
Collemataceae
192
8
Coniocybaceae
31
5
Corticiaceae
1
1
Cystocoleaceae
1
1
Elixiaceae
3
0
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0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
8
0
0
0
0
0
0
0
0
0

Fuscideaceae
Gloeoheppiaceae
Gomphillaceae
Graphidaceae
Gyalectaceae
Gypsoplacaceae
Haematommataceae
Helocarpaceae
Hygrophoraceae
Hymeneliaceae
Icmadophilaceae
Koerberiaceae
Lecanographaceae
Lecanoraceae
Lecideaceae
Lepidostromataceae
Leprocaulaceae
Letrouitiaceae
Lobariaceae
Lopadiaceae
Lyrommataceae
Malmideaceae
Massalongiaceae
Megalosporaceae
Megasporaceae
Melaspileaceae
Microtheliopsidaceae
Monoblastiaceae
Mycosphaerellaceae
Nephromataceae
Ochrolechiaceae
Opegraphaceae
Ophioparmaceae
Pachyascaceae
Pannariaceae
Parmeliaceae
Peltigeraceae
Peltulaceae
Pertusariaceae
Phlyctidaceae

53
10
418
2161
86
1
50
3
147
38
55
8
58
791
244
6
35
18
466
5
8
51
5
38
243
4
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Figure 2.1 - The number of traditional molecular lichenological studies (not employing nextgeneration sequence data) that listed specific key words ‘‘molecular,’’ ‘‘phylogeny,’’
‘‘phylogenetics,’’ ‘‘systematics,’’ ‘‘diversity,’’ and ‘‘variation’’ between 2000 and 2016.
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Figure 2.2 - Average number of loci employed per traditional molecular study (not employing
next-generation sequence data) of lichen mycobionts or photobionts per year, between 2000 and
2016.
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Figure 2.3 - The percentage of traditional molecular studies (not employing next-generation
sequence data) based on single locus phylogenies or analyses per year, between 2000 and 2016.
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Figure 2.4 - A. The composition of molecular studies recovered from RLL based on the use of
traditional or next-generation sequencing. B. The composition of next-generation sequencing
studies based on the sequence data type specified in the published study.
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Figure 2.5 - Lichen family diversity (Lücking et al. 2017b) compared against the number of
representative traditional molecular studies per year, between 2000 and 2016. Linear regression;
2

y 1⁄4 0.0253x + 0.3511, R = 0.663, p<0.001. Open circles show families unrepresented in lowerorder phylogenetic literature.
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CHAPTER 3. Combing for Beach Broccoli: Surveys of the endemic macrolichen Cladonia
submitis determines Endangered status under IUCN guidelines

3.1 Abstract
The global decline in biodiversity has invigorated the field of conservation biology, leading
to investigation of species at risk of extinction in hopes of generating effective conservation
strategies. Some highly diverse taxa, such as lichens, have received considerably less conservation
attention, compared to plants and vertebrates. Here we add present the results of a comprehensive
demographic survey and IUCN risk assessment of Cladonia submitis, a conspicuous macrolichen
endemic to the Mid-Atlantic coast of eastern North America, across the core of its range. While it
was found at several new locations, we found the species had disappeared from many locations
where it once occurred. This decline, in conjunction with its restricted range, supports a status of
Endangered under IUCN guidelines. While fire and sea level rise likely pose threats to the species,
the most immediate threat is urbanization and alteration of coastal dunes. This evaluation does not
consider collections from Japan and Sakhalin Island which have been assigned as C. submitis, due
to differences in range, habitat and morphology that suggest this identification is inaccurate. In the
absence of a proper taxonomic assessment or phylogenetic study to answer this question of
identity, Japanese specimens could not be considered in this assessment. Altogether, this study
provides a basis for effective management strategies of this charismatic species whose core range
consists of the densely populated region between the American cities of Boston and Washington,
D.C.

3.2 Introduction
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The global decline of biodiversity due to anthropogenic factors, such as habitat destruction,
invasive species, and climate change, is well-documented and the subject of considerable study
(Thomas et al. 2004; Clavero and García-Berthou 2005; Wake et al. 2008; Ceballos et al. 2015).
This widespread loss is so significant that the Anthropocene epoch is now widely considered to
mark a sixth mass extinction event (Wake et al. 2008; Dunn et al. 2009; Bellard et al. 2012;
Ceballos et al. 2015). The severity of this downward trend has drawn considerable attention to atrisk and declining species, motivating study of their current status and conservation needs with
increasing urgency (Barnosky et al. 2011; Ceballos et al. 2015; Forest et al. 2015). Conservation
entities and legislation like the International Union for the Conservation of Nature (IUCN) and the
United States Endangered Species Act (ESA) currently assess and track the statuses of such
species, and recommend or enact tactics and practices to protect them, if deemed necessary. These
and other organizations have set criteria species must meet to be granted protection. Using these
criteria, researchers have gathered critical data for a staggering number of species, which have
been instrumental in protecting vulnerable species, and in some cases, even shepherding them
towards recovery (Rodrigues et al. 2006; Farrier et al. 2007; Lotze et al. 2011).
Lichens are no exception to the trend of global decline (Conti and Cecchetti 2001; Fraser
et al. 2014; Allen et al. 2019); The sensitivity of lichens to pollution (Pearson and Skye 1965; Nash
1976; Conti and Cecchetti 2001), climate change (Fraser et al. 2014; Lendemer and Allen 2014;
Allen and Lendemer 2016) and other man-made habitat changes has been documented for more
than a century and a half (Allen et al. 2019). As a result, researchers have documented major
declines in many lichen species attributed to such anthropogenic influences (Nash and Gries 1991;
Giordani 2007; Joly et al. 2009). However, lichens, and other fungi for that matter, have not
received conservation research representation relative to that of flowering plants and vertebrates,
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despite their immense biodiversity (Allen and Lendemer 2015). At the time of writing, a total of
71,999 species of animals, 33,573 plants, and only 145 fungi (23 of which are lichens) have been
evaluated under the IUCN red list criteria (IUCN 2019). Fungi are incredibly diverse (Blackwell
2011; Cuadros-Orellana et al. 2013), with more than 120,000 accepted species and 2.2-3.8 million
estimated to exist (Hawksworth and Lücking 2017). Within fungi, lichens are a highly polyphyletic
group that are also remarkably speciose, with almost 20,000 accepted species across 115 families
(Lücking et al. 2017). Thus, the current representation of lichens and other fungi in conservation
is especially disproportionate when one considers their overall high biodiversity and abundance
throughout terrestrial biomes, and invaluable ecological functions. Most notably, lichens and other
fungi serve critical roles in nutrient and mineral cycling; (Pike 1978; Read and Perez-Moreno
2003; Dighton 1995), and are important components of many food webs (Terry et al. 2000;
McGonigle 2007; Jobard et al. 2010), while lichens specifically also often form major stabilizing
components of soil crusts (Anderson et al. 1982; Eldridge and Leys 2003).
Considering the known threats and history of decline in lichens, this inequality in
conservation reflects an organismal bias, rather than differences in actual need for conservation
(Allen and Lendemer 2015; Allen at al. 2019). The lack of lichen conservation research in turn
means that there are relatively few frameworks within which to structure effective lichen
conservation strategies. To further complicate matters, the basic data essential for such strategies,
such as complete knowledge of historical and extant occurrences, as well as demographic
estimates, are incomplete or outdated for many taxa. Moreover, important population-level
information such as dispersal patterns and capabilities are available for only a small subset of
lichen species with relative confidence (Scheidegger et al. 2012; Alors et al. 2014; Allen et al.
2017; Dal Grande et al. 2017; Degtjarenko et al. 2018).
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Conservation risk assessments under the IUCN can be performed for species with limited
available data, but a complete understanding of the distribution, demographics and conservation
threats for a species can influence the level of protection granted to it (Game et al. 2013). Given
the limited resources available for species conservation, accurate ranking and assessment is key to
effectively prioritize the most at-risk taxa.
While many lichen species are threatened or in decline, beach broccoli (Cladonia submitis
A. Evans; also called mid-Atlantic comb-over) stands out among them (Figure 3.1a). It is a
conspicuous macrolichen, almost entirely restricted to sand dunes and pine barrens in the MidAtlantic of eastern North America, where it often forms large colonies in natural habitats
interwoven across a densely populated metropolitan landscape mosaic (Hinds and Hinds 2007).
Considering the large size of both the lichen, and the colonies it forms, it may be difficult to
consider that such a species could have suffered substantial declines in its population size and now
be threatened by diverse forces. Yet, at the same time, the natural landscape in its core range has
become highly fragmented and degraded, such that many plants and animals are now recognized
as threatened (Ehrenfeld 1983; Knisley and Hill 1992; Smith et al. 2017). Hence it is possible,
given the lack of conservation attention for lichens, a decline of C. submitis has occurred and
simply gone unnoticed.
The potential need for a conservation assessment of C. submitis was recognized in 2015.
At that time a preliminary assessment was completed based on the available data (Lendemer et al.
2015). The assessment noted the species likely faced threats from habitat loss and sea level rise.
However, it also recognized the need for modern distribution and abundance data for the species,
particularly determination of whether historical occurrences remained extant. Another
complication briefly noted in the preliminary assessment was the taxonomy of the species; since
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the late 1950’s, some collections of Cladonia in east Asia have been identified as C. submitis,
although the question has been raised as to whether these identifications are correct (Ahti 1961).
If the collections from east Asia are C. submitis, the presence of a disjunct population may impact
the results of an IUCN risk assessment. Thus, these collections must be compared against North
American C. submitis to determine how to treat the east Asian records.
Here we present the results of a detailed survey of C. submitis populations across its core
range (central and southern New Jersey Long Island, New York and Cape Cod, Massachusetts).
We provide new estimates of range and population size, estimates of population decline over time,
and place the conservation status of the species within the context of an IUCN risk assessment. In
addition, we provide a discussion of morphology, chemistry, distribution and habitat of C.
submitis, comparing North American populations to a disjunct population from eastern Asia,
whose taxonomic identity has not been questioned in more than fifty years.

3.3 Methods
Assembly of Occurrence Data and Examination of Herbarium Specimens. – As part of the
2015 preliminary IUCN assessment for C. submitis, Lendemer et al. (2015) assembled a
comprehensive database of known herbarium specimens for the species. For records whose
identification was questionable (e.g., based on location data or lack of expert verification), the
specimen was re-examined and its determination was evaluated using a combination of
morphological examination under a dissecting microscope and thin layer chromatography (TLC)
with solvent C following Culberson and Kristinsson (1970) as modified by Lendemer (2011). This
portion of the study was primarily based on specimens in the herbarium of The New York
Botanical Garden (NY), supplemented by loans of material from CHRB and DUKE. In addition
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to the specimens of C. submitis from North America, a suite of specimens was borrowed from
TNS in order to evaluate the taxonomic identity of the disjunct populations whose status was
questioned previously (Ahti 1961).
When coordinates were not previously provided (e.g., for specimens collected before
satellite-based navigation was implemented), GPS coordinates for these collections were obtained
by either manually identifying sites on Google Earth based on collection locality descriptions, or
georeferencing in the online program GeoLocate (Rios and Bart 2010). This database of
occurrences revealed that the vast majority of known occurrences for C. submitis (82.7%) occur
within the pine barren and sand dune habitats in New Jersey, New York, and Massachusetts. As
such, we focused survey effort on this core range for the species and used the list of occurrences
as a guide to survey historical sites, revisiting locations based on their coordinate information.
Other sites in Connecticut and Rhode Island were also targeted due to their accessibility and
proximity to other Massachusetts sites. We also identified other sites with suitable habitat that had
not previously been surveyed, or where no records for the species existed. These sites were judged
potentially suitable using Google Earth satellite imagery. Accessible areas that showed evidence
of being exposed, sandy spaces behind dunes or in pine barrens were selected for survey. In some
cases, local naturalists and employees of nearby parks were consulted. Additionally, opportunistic
observations of the presence of other Cladonia lichens were made while traveling between field
sites (i.e. Cladonia lichens seen from the car on small roads). These sites were subsequently also
surveyed for the presence of C. submitis.

Survey Overview. – Each site surveyed consisted of a 0.5 ha area, which was visually
assessed for the presence of Cladonia. A minimum of 10 minutes was spent at each site searching
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for Cladonia. Any Cladonia lichens found were identified to species using morphological and
chemical characters (Evans 1943; Hinds and Hinds 2007). In most cases, C. submitis can be
distinguished from other, morphologically similar Cladonia species by its thick, coarse podetia
that branch infrequently and typically lie prostrate along the substrate. In some cases, however,
particularly in highly dense aggregations of Cladonia species or for apparently young thalli,
chemical analysis is also necessary. For chemical identification, C. submitis possesses the fatty
acid pseudonorrangiformic acid, which is diagnostic for the species. However, there is no simple
method to test for the presence of this fatty acid in the field. Another unique chemical fingerprint
for C. submitis is its lack of fumarprotocetraric acid. Absent in C. submitis, this chemical is present
in the majority of other morphologically similar species in the mid-Atlantic coast, such as C.
subtenuis (Brodo et al. 2001). To test for the presence of fumarprotocetraric acid, a spot test was
performed using Steiner’s solution (Thomson 1984), a stable solution of the spot test reagent Pd,
which turns lichen material red in a reaction with the chemical (Figure 3.1b). As the concentration
of chemistry tends to be highest on podetial tips for Cladonia, Steiner’s solution spot tests were
performed on podetial tips. All surveys were conducted on warm, dry days, which reduces the
likelihood of lichen chemistry having been washout from rain, which could lead to false positive
identification. At each site: i) the presence or absence of C. submitis was recorded; ii) the presence
of other co-occurring conspicuous Cladonia species were documented; and iii) if C. submitis was
present, abundance was estimated (individual thalli tallied to 100, then >100 if exceeding 100
counted individuals). For the purposes of this study, thalli that were distinct (i.e. with a clear
border, not blending indiscriminately into nearby clumps) were considered to be individuals. A
population at a site was determined >>100 if the Cladonia community was dominated by C.
submitis, and stretched across the majority or entirety of the 0.5 ha survey site.
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Extent of Occurrence and Area of Occupancy. – Using the above data, Extent of
Occurrence (EOO) and the Area of Occupancy (AOO, cell size 2km) were calculated as per IUCN
guidelines (IUCN 2018). It is hypothesized that lichen generations likely last upwards of 30 years
(Nimis et al. 2002), but lichen lifespan and generation time is poorly researched and difficult to
study (Bench et al. 2001). Lifespan may vary considerably among species. To account for the
uncertainty of generation time for C. submitis, 4 “baseline” EOO and AOO values were calculated;
(i) all occurrences, (ii) only occurrences <90 years old (30-year generation), (iii) only occurrences
<60 years old (20-year generation), and (iv) only occurrences <30 years old (10-year generation).
Older records where the species is presumed to still be extant were also included in the 20- and
10-year models. These values were also calculated for the presumed total extant population, using
only occurrences that have been recorded or confirmed by a secondary visit in the last 20 years.
The EOO and AOO for the presumed extant population were then compared against these baseline
values to estimate losses over time. These data, along with new records of population sizes (local
abundance), were analyzed to determine ranking in accordance with IUCN assessment regulations.

Species studied. – During field surveys, 64 collections of C. submitis were made in New
Jersey, Massachusetts and New York. These collections were compared against 70 georeferenced
collections of east Asian Cladonia species currently identified as C. submitis. Morphological and
chemical diagnostic traits such as the relative coarseness of the podetia, the presence of nonterminal pycnidia-bearing tips, and presence of the chemical pseudonorrangiformic acid (rare
among lichens), and the absence of fumarprotocetraric acid were examined for each individual.
Morphological characteristics were examined under a dissecting microscope, with a specimen
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marked as bearing a morphological trait if at least one podetium was observed to possess it. The
chemistry of all specimens was determined using Thin Layer Chromatography (TLC) as outlined
above (i.e., Solvent C following Lendemer (2011)). In some cases, east Asian specimens had
already received TLC as part of their initial identification as C. submitis. Habitat elevation was
also gathered for every unique site from herbarium records using either recorded label information
or, when label information was not available, Google Maps. Elevation was then compared between
the two populations using a One-Tailed Mann Whitney U test via an internet browser calculator.

3.4 Results
Range of Cladonia submitis. – The core distribution of C. submitis, containing the majority
of known collection sites, is concentrated in a strip of coastal habitats along the Atlantic Coast
spanning from southern New Jersey and Cape Henlopen, Delaware to Long Island, New York and
Cape Cod, Massachusetts (Figure 3.2). These sites are predominantly dune, near-dune or pine
barren habitat. The total known range of the species encompasses an area as far south as North
Carolina, as far north as Maine, and as far west as West Virginia. Although the total land area
covered by the range of the species is large, this is due to a small number of outlier sites located in
the Piedmont and Appalachian Mountains where the species occurs as small numbers of
individuals (Lendemer, unpublished data). The sites uniformly consist of exposed montane rock
outcrops in the Appalachian Mountains and exposed granite flat rocks in the Piedmont. While
these outlier sites are geographically disjunct from the core of the range of C. submitis, they are
known to host rare disjunct occurrences of typically Coastal Plain lichen species (Wyatt and
Stoneburner 1982, Dirig 1994, Lendemer 2011, LaGreca et al. 2018).
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Field Population Assessment. – A total of 121 sites were surveyed for C. submitis between
April and October 2017. Of this total, 36 were sites where C. submitis was found in the past, and
86 were new potential sites not previously surveyed. The species was found at 47 sites (38.5%),
11 of which were historical sites where it was known to occur previously (Figure 3.5a). Of the 74
sites (61.2%) where C. submitis was not observed, 25 (33.3%) were historical sites where the
species had been documented before. The species is considered to have been extirpated from those
25 sties. Fourteen (56.0%) of those 25 historical sites that no longer supported C. submitis had
been entirely converted to residential or commercial land uses, and did not appear to support any
Cladonia species. Hence those locations were likely subject to drastic land use changes since the
original observations.
Where C. submitis was found, it frequently occurred in abundance. Of the 47 sites where
the species was observed, 42 (89.4%) possessed populations that clearly exceeded 100 individuals.
Moreover, 26 sites (55.3%) sustained C. submitis in numbers estimated to far exceed 100
individuals. Sites that supported the species were split between pine barrens (23 sites, 48.9%) and
interdune habitat (24 sites, 51.1%, although 16 sites were contiguous along the length of Island
Beach State Park; Figure 3.5), Of the 23 sites in pine barrens, 5 (21.7%) were roadside non-forested
open patches of sand that immediately bordered pine barren habitat.

Cladonia Mat Communities. – The communal, mat-forming nature of C. submitis and other
Cladonia, is also noteworthy. At the sites where C. submitis was found, the species was frequently
a large component of the communal mat, in some cases being the most abundant species present.
At least one other Cladonia species was found co-occurring with C. submitis at nearly every survey
site where the species was found (46 of 47 sites, 97.9%). The most commonly co-occurring
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Cladonia species was C. subtenuis, which was found at 44 of 47 sites (93.6%). Other Cladonia
species that were found to co-occur in abundance included C. atlantica (14 sites, 29.8%), C.
dimorphoclada (13 sites, 27.7%), C. boryi (11 sites, 23.4%) and C. rangiferina (6 sites, 12.8%).
Of the aforementioned species, two (C. dimorphoclada and C. boryi) exhibited differences in
occurrence regionally; C. dimorphoclada was only observed at sites in New Jersey, and C. boryi
was only observed in Cape Cod. At sites where C. submitis was absent, Cladonia communities
were consistently dominated by C. subtenuis.

Extent of Occurrence and Area of Occupancy. – Taking into account all known occurrences
of C. submitis, both extirpated and extant, the EOO and AOO would be 242727.64 km2 and 472
km2, respectively. The total presumed extant population (i.e. all newly surveyed sites and sites not
recently visited where C. submitis is still expected to persist; Figure 3.2), however, had an EOO
of 190322.75 km2 and an AOO of 168 km2. Due to the lack of available data on lichen generation
times, change in EOO and AOO was estimated using three different models of generation time (10
year, 20 year and 30 year). Subtracting the total presumed extant population model from that of
each of the three baseline models of generation times revealed an EOO decline of up to 122853.20
km2 (39.3% decline; 30-year model) and an AOO decline of up to 268 km2 (59.3% decline; 30year model; Figure 3.6). These models infer a greater decline in AOO and EOO, and support an
IUCN status of Endangered for the species.

Taxonomic Assessment of East Asian Specimens – In an examination of morphology
between American and Asian C. submitis specimens, the podetia of the Japanese specimens were
found to be less coarse and wrinkled than American specimens (Figure 3.4), a morphological
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difference that had been recognized previously (Ahti 1961). Additionally, pycnidia-bearing
branchlets that grow directly from the base of the podetium, a characteristic that appears to be
unique to C. submitis, occur much less frequently in Japanese material than in North American
specimens (Figure 3.4). In a preliminary examination, while these branchlets were found on at
least one podetium from 37 of 64 (57.8%) North American samples, only five of 70 (7.2%)
examined Japanese samples bore these branchlets on at least one podetium. The branchlets also
appeared to be less abundant on podetia of Asian material, but a dedicated study and larger sample
size is needed to assess this potential variation with confidence. Chemistry was found to be
identical between Asian and North American C. submitis (i.e., lacking fumarprotocetraric acid and
containing usnic and pseudonorrangiformic acid). The Asian material was also collected in habitats
that differ considerably from the typical habitats of North American C. submitis. East Asian
specimens were predominantly collected on rock and soil substrates from high-elevation locations,
particularly along mountain ranges in Honshu and Hokkaido. These locations stand in stark
contrast to the Mid-Atlantic region where C. submitis grows in sandy habitats very close to sea
level. This difference is clear when comparing elevations of Japanese and American collection
records, determined from coordinate data; the elevation from Japanese collections (n = 49 unique
sites) was significantly higher than that of American collections (n = 142 unique sites; One-Tailed
Mann Whitney U Test, U = 256, p<<0.05).

IUCN Assessment. – Cladonia submitis meets the criteria for IUCN listing as Endangered
under assessment categories A2c and B2b(i-iv). Under category A2c, the considerable estimated
decline in AOO under a 30-year generation time model (>50% decline) would classify C. submitis
as Endangered. Similarly, the EOO losses observed in both the 30-year and 20-year generation

45

time model (>30% decline) would classify the species as Vulnerable. Cladonia submitis also meets
the requirements for Endangered status under category B2b(i-iv) due to the calculated declines in
EOO and AOO, as well as the extirpation from many sites where the species occurred historically,
some due to land use changes. Taking the highest level of protective status supported by these
data, C. submitis should be assessed as Endangered. Due to the large number of individuals
observed at sites where C. submitis was found, the species does not meet the criteria for IUCN
listing under categories C and D, which pertain to issues concerning small, restricted population
sizes.

3.5 Discussion
Overview – Surveys of pine barren and sand dune sites in Massachusetts, New Jersey and
New York revealed 47 populations of Cladonia submitis, the majority of which were newly
documented occurrences. More than 90% of the sites where C. submitis was found, supported >100
thalli, and more than 50% of the sites supported >>100 thalli. Hence, the species is often abundant
where it occurs, suggesting that overall population size is not a current concern for the species. It
is important to note that the population size estimates provided here are physical counts only up to
the first 100 individuals. After this threshold was reached during a hand-count of distinct thalli at
a site, populations sizes were roughly estimated based on a visual assessment of abundance of C.
submitis in the lichen mat. A future study employing more standard, regimented methods for
population size estimation, such as a transect approach (Buckland et al. 2007; Reisch et al. 2018),
would generate more accurate estimates of population size for the many sites which exceeded 100
individuals present, although our counts presented here are still informative for the purposes of an
IUCN assessment.
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While the total population size of C. submitis is large, the species appears to have been
extirpated from many sites where it occurred historically. Moreover, declines in EOO and AOO
were considerable, with many the species disappearing from many sites where it had once been
observed. Multiple potential generation times were modeled when calculating EOO and AOO
decline due to the general uncertainty of lichen generation times. However, some models are likely
more appropriate for C. submitis than others. When habitat is exposed after a disturbance such as
fire, it can take decades for establishing Cladonia species to develop into a sustainable mat, like
those seen at nearly every site in this study (Maikawa and Kershaw 1976; Morneau and Payette
1989; Coxson and Marsh 2001). Further, the impact of fire on Cladonia in fire-adapted Coastal
Plain systems in eastern North America, is complex and dependent on multiple factors (Ray et al.
2020). In some systems, the exposed habitat where a Cladonia mat develops can persist for more
than a century, and lichen mats remain dominant at the site (Maikawa and Kershaw 1976). In fact,
there is some evidence that Cladonia chemistry may inhibit plant growth, warding off further
succession by competing plants (Lawrey 1977; Hobbs 1985; Sedia and Ehrenfeld 2003). The longterm sustainability of lichen mats and the time it takes to suitably establish at a site, support longer
models of generation time, such as 20 or 30 years.
The declines observed in this study likely reflect habitat degradation as a result of land use
change. In fact, more than half of revisited sites from which C. submitis seems to have disappeared
have been significantly transformed through urbanization or other anthropogenic disturbances.
The habitats in which the species occurs (primarily interdune, roadsides and sandy exposures
within pine barrens) suggest that it is fairly tolerant of at least one type of disturbance, edge effects.
Moreover, Cladonia species are often dependent on natural disturbances such as fire, which create
exposures that the lichens can colonize (Menges and Kohfeldt 1995; Hawkes and Menges 1996;
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Coxson and Marsh 2001; Ray et al. 2020), although excessively frequent fires can instead be
detrimental. In such systems, Cladonia mats become the late-stage state of succession for a
patchily habitat type (Clément and Touffet 1990; Morneau and Payette 1989). While
anthropogenic conversion of natural habitat does create edge effects, residential (e.g. housing
construction, the implementation of grass lawns) and commercial land transformation (e.g. parking
lots, construction of buildings of business) have very different outcomes compared to natural
disturbances and often preclude reestablishment of natural communities and native species
(Mckinney 2008; Aronson et al. 2014). As such, urbanization is not conducive to the growth of C.
submitis, as has been demonstrated to be the case for many species (Van der Veken et al. 2004;
Scheffers and Paszkowski 2012; Elmqvist et al. 2016).
Another form of habitat transformation that has impacted C. submitis, and other Cladonia,
is dune destruction. For example, among the historical occurrences on sand dunes, the most notable
is perhaps on Cape May Point, New Jersey. Raymond H. Torrey collected the species on the dunes
or swales at this site in 1935, but prior to our survey, the site was not revisited to relocate the
species since that observation. In that time, a significant nor’easter storm in 1962 destroyed a
considerable portion of the sand dunes around Cape May Point, leaving few areas undamaged
(Jordan 2003). Since then, the dunes have been reconstructed, but C. submitis appears to have been
lost from the site, either destroyed with the dunes or disappeared as the dunes retreated towards
residential property lines and suitable habitat shrank. Erosion and recession along Cape May
beaches and dunes have been observed repeatedly over the last century (Jordan 2003), and continue
to be cause for concern (Wu et al. 2002). In any case, habitat transformations, both natural and
anthropogenic, have likely significantly impacted C. submitis, and stand as current threats to its
survival. Whereas natural threats such as dune erosion are more challenging to address,
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anthropogenic threats could be mitigated by limiting alteration of the habitats where C. submitis is
known to occur, and requiring surveys of similar habitat in the future before such alterations occur.
Urbanization and other forms of anthropogenic habitat changes have been and continue to
be a considerable threat to the populations of many lichen species (Lättman et al. 2014; Warren et
al. 2019). Due to their sensitivity to pollution and preference for old growth forests and other forms
of untouched habitat, many species of lichens serve as effective bioindicators of air and habitat
quality (Conti and Cecchetti 2001; Nimis et al. 2002; Palharini et al. 2021). While the abrupt local
disturbances that often come with some forms of land use change can damage or destroy local
lichens, the steady transformation of habitat conditions, such as the change in air quality associated
with automotive pollution or edge effects can inhibit lichen growth or reestablishment (BedellStiles 2004; Barry et al. 2015). This is not the case for all species, however, as some lichens such
as the green shield lichen (Flavoparmelia caperata) and the candleflame lichen (Caloplaca
concolor) thrive in urban conditions where other species have been excluded (Allen and Lendemer
2021). In some ways, C. submitis runs a fine line between being highly sensitive to urbanization,
and showing flexibility to their changing habitat, like these exemplary species. While C. submitis
has been excluded from a considerable amount of their habitat due to urbanization, it is noteworthy
that the species can be found occasionally on sandy roadsides bordering pine barrens. These
roadside outcrops are unlikely to make up for the notable losses suffered by urbanization in the
region, but their existence illustrates a tolerance for edge effects, a condition likely shared by other
co-occurring Cladonia species.
While this study investigated C. submitis across the majority of its range, observing
declines and threats in predominantly coastal pine barren and sand dune habitat, the few scattered
outlier populations further inland have not been investigated. These outlier populations inhabit
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exposed outcrops, mostly in montane localities, which stands apart from the sandy, low-elevation
habitat the species typically occupies. Although the outlier populations comprise relatively small
numbers of individuals, they may be genetically isolated to some degree, potentially representing
small pockets of novel genetic diversity. Few Cladonia species have been studied using population
genetics, but one study of C. mitis and C. arbuscula using commonly employed molecular markers
demonstrated the capacity for high gene flow among Cladonia populations (Myllys et al. 2003).
However, C. mitis and C. arbuscula are considerably more widespread than C. submitis, which is
relatively geographically constrained to the mid-Atlantic coast of North America. Without further
study, we cannot know whether the species will demonstrate the same capacity for dispersal and
gene flow that C. mitis or C. arbuscula have shown. Hence, a population genetic examination of
main and outlier populations merits future attention.
While this study focused on C. submitis, it is clear that habitat occupied by the species is
also ideal for other Cladonia. Communal Cladonia mats have been well-documented previously
(Lechowicz and Adams 1974; Crittenden 1991; Coxson and Marsh 2001) and are likely important
to the establishment and survival of the species. In every case, C. submitis was never the only
Cladonia species at a site, always forming dense lichen mats intermixed with several other species,
most prominently C. subtenuis. As such, seeking out Cladonia mats can be a useful method of
searching for additional occurrences of C. submitis. These mats are often easy to visually locate,
especially those which occur along roadsides, appearing as pale green splotches against exposed
sand or intermixed with darker green or brown plant matter. Protecting C. submitis habitat has the
added benefit of protecting the habitat for an assortment of other Cladonia species that share its
niche and hence likely face similar threats at the regional level. Moreover, this overlap in range
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and habitat and shared potential threats is an even greater motivator to conduct further conservation
assessments on these and other co-occurring lichens.

Taxonomic Status and Identity of Asian Populations – Cladonia submitis was first
recognized as a species by Evans (1943) whom observed morphological and chemical variation in
C. mitis among collections from locations on the mid-Atlantic coast. Ultimately C. submitis was
split from C. mitis and differentiated from this and other species based on its combination of
phenotypic characters, including its shorter, more robust podetia, its unique chemistry and its
restricted distribution. Four subspecies of C. submitis were also recognized by Evans (1943),
though these have never subsequently been evaluated and treated in a taxonomic or phylogenetic
study. The description of infraspecific taxa in Cladonia was a widespread phenomenon in the
taxonomy of the genus during the early 20th century (Poelt 1994). This reflected attempts to
classify the extensive, presumably environmentally induced, phenotypic variation often found in
a single species (Brodo et al. 1986; Pintado et al. 1997; Muggia et al. 2014). While numerous such
names were introduced, most are presumed to be synonyms of available names at the species level
(Poelt 1994), and the majority lack any modern-day treatment.
While Evans (1943) believed C. submitis to be endemic to eastern North America, this has
been challenged since the description of the species. Since 1958, collections of Cladonia from
Japan and Sakhalin Island, Russia have been identified as C. submitis (Figure 3.3). Some of these
specimens were collected as early as 1919, though those collected prior to 1943 were initially
determined to be other species, and subsequently reidentified as C. submitis. The Asian collections
identified as C. submitis bear some morphological similarity to North American C. submitis, as
well as share the same unusual chemistry (Ahti 1961). The reports of C. submitis from Asia led
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the species to be included among the lichens with disjunct distributions between east Asia and
eastern North America (Ahti 1961; Miyawaki 1994; Kurokawa 2006).
Despite the fact that C. submitis has been reported to occur in Asia, the conspecifity of the
material with that from eastern North America has been questioned for more than half a century.
Ahti (1961) examined many Japanese specimens and noted morphological differences that
suggested they belonged to a distinct taxon. Our study supports the observations made by Ahti
(1961), with the podetia of American specimens typically thicker and more coarse than Asian ones.
While not discussed in Ahti (1961), the two populations also notably differed in the occurrence of
non-terminal, pycnidia-bearing tips arising directly from the core of the podetium, with American
specimens exhibiting the trait far more often. Finally, habitat appears to differ greatly between the
two populations. East Asian collections grew at significantly higher elevations than their American
counterparts, inhabiting montane rock outcrops rather than sandy coastal landscapes. While it is
the case that C. submitis has been collected at a small number of higher elevation sites in
Pennsylvania and West Virginia, and material has been collected at sea level at two sites in Japan,
the elevational difference among collections is significant.
While Ahti (1961) described many of the same differences that we noted above, suggesting
that the two populations were distinct, the taxonomic identity of the Asian material was left
unresolved, and no further conclusions have subsequently been made. Thus, taxonomic
comparisons alone are not sufficient to assess these populations. With the advent of molecular
data, we now have the ability to more fully explore the relationship between North American and
Asian material assigned to C. submitis once fresh material from the latter populations can be
obtained. Such a study would benefit from employing phylogenetics and population genetics to
determine whether the two populations are the same species, sister species, or more distantly
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related. It would also shed light on past connectivity of and population history, potentially
providing a new perspective on eastern Asian-eastern North American disjunctions.
However, molecular data for the Asian population are presently unavailable, and a
comprehensive assessment of the population has not been carried out in modern times. Further the
differences in morphology and ecology strongly suggest that the Asian material that has been
identified as C. submitis likely belongs to a distinct taxon that may, or may not be, sister North
American C. submitis. Given the above, we treat the Asian material as having an uncertain
taxonomic status and exclude it from the delimitation of C. submitis. While taxonomic study and
conservation assessment of the Asian material previously assigned to C. submitis is urgently
needed, it does not preclude conservation ranking and assessment of C. submitis in North America.

3.6 Conclusion
In summary, this study collectively provides a detailed assessment for C. submitis, and lays
out an initial direction for conservation, both for this species, and for the other Cladonia that
commonly co-occur with it. With its occurrence throughout fire-adapted habitats, often in close
proximity to the coast, as well as its presence adjacent to some of the largest and most interconnected metropolitan areas in the United States, this eastern North American endemic faces a
number of threats to its long-term survival. As a result of these threats and observed declines, C.
submitis meets the criteria to be ranked as Endangered under IUCN guidelines. The threats of fire
and sea level rise are projected to become more severe over time (Keeley and Syphard 2016; Sweet
et al. 2017). However, the threat of urbanization is the most immediate, though it is likely
controllable through protecting C. submitis habitat and preventing future extirpations. With such
few IUCN conservation assessments conducted on lichens, and with the many known threats they
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face, the need to examine their conservation need is higher now than ever before. Recognizing this
need for scientific attention, the pool of lichen conservation research is steadily growing, both for
Cladonia species (Lohmus and Lohmus 2009; Ravera et al. 2016) and many other species (Binder
and Ellis 2008; Cameron et al. 2013; Allen et al. 2018; Allen et al. 2019). These studies have taken
multiple different perspectives to examine their target species and assess them with IUCN and
other conservation criteria, from employing general lichen inventories (Lohmus and Lohmus
2009) to in-depth literature and herbarium specimen review (Ravera et al. 2016) to predictive
modeling (Binder and Ellis 2008; Cameron et al. 2013) to genomics (Allen et al. 2018). With our
targeted field survey approach using herbarium data as a guide, this study now provides another
useful framework for such future lichen assessments, and will hopefully inspire more workers to
conduct systematic and detailed conservation assessments on at-risk lichen species.
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3.7 Figures and Tables

Figure 3.1 - A) Cladonia submitis. B) Cladonia submitis (left) and C. subtenuis (right) spottested with Steiner’s solution, which turns red when reacting with fumarprotocetraric acid
(present in C. subtenuis but not C. submitis)
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Figure 3.2 - The distribution of C. submitis in North America, with historical occurrences noted
in red and populations presumed to be extant in blue
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Figure 3.3 - The distribution of East Asian collections of lichens identified as C. submitis or C.
aff. submitis
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Figure 3.4 - Scanning Electron Microscopy ultrastructure of North American Cladonia submitis
(a, c) and Japanese C. aff. submitis (b, d), displaying the reduced podetial coarseness of Japanese
specimens and pycnidia-bearing branchlets erupting from the base of the podetium (identified
with arrows)
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Figure 3.5 - A) Presence (green) and absence (red) of Cladonia submitis from site surveys in the
mid-Atlantic coast; B) An example pine barren habitat, central New Jersey; C) An example
interdune habitat, Sandy Neck Beach Park, Massachusetts
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Figure 3.6 - Declines in EOO and AOO for C. submitis across 3 models of generation time.
Yellow and orange lines denote the threshold for Vulnerable and Endangered IUCN status,
respectively.
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CHAPTER 4. Mitochondrial genomes in the iconic reindeer lichens: genomic architecture,
variation and synteny across multiple evolutionary scales

4.1 Abstract
Variation in the structure and composition of mitochondria across intraspecific,
interspecific, and higher taxonomic scales has been little studied in the keystone obligate
symbioses that are lichens. Cladonia is one of the most diverse and ecologically important lichen
genera, with over 500 species representing an array of unique morphologies and chemical
profiles. Here, we assess mitochondrial genome diversity and variation in this flagship genus
using 74 genomes from 22 species, with focused sampling of two clades of the “true” reindeer
lichens, Cladonia subgenus Cladina, and an additional nine genomes from nine outgroup taxa.
We examine and describe the observed composition and architecture at both the gene and
genome scale and examine patterns in organellar genome size in larger taxonomic groups in
Ascomycota. Mitochondrial genomes of Cladonia, Pilophorus and Stereocaulon were
consistently larger than those of Lepraria and on average contained more introns, suggesting
there may be a selective pressure in asexual and morphologically Lepraria driving it towards
genomic simplification. Collectively, lichens also had larger mitochondrial genomes than fungi
of most other life strategies, reaffirming the notion that coevolutionary streamlining does not
correlate to genome size reductions. While gene order was consistent within genera, it varied
among genera, more significantly so in Stereocaulon. Two genomes from two species (Cladonia
ravenelii and Stereocaulon pileatum) exhibited ATP9 duplication, bearing paralogs that may still
be functional. Homing endonucleases (HEGs), while scarce in Lepraria, were particularly
diverse and abundant in Cladonia, exhibiting evolutionary histories that were variable, and in
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some cases independent of the mitochondrial evolutionary history. There was also prevalent
HEG diversity on an intraspecific level, with C. rangiferina especially bearing a range of HEGs
with one unique to the species. This study reveals a rich history of duplications, transpositions
and horizontal gene transfers that have transformed the mitochondrial genomes of Cladonia and
related genera, allowing future study alongside a wealth of assembled genomes.

4.2 Introduction
Lichens are a speciose, evolutionarily diverse collection of fungi unified by their shared
lifestyle, a symbiosis between a fungus (mycobiont) and one or more photosynthetic microbes
(photobionts; Lutzoni et al. 2001). Among the 995 lichen genera spread across 117 fungal
families, Cladonia is one of the most diverse, with more than 500 species (Lucking et al. 2017).
Cladonia is nearly cosmopolitan, with species occurring in a wide range of habitats, forming
important components of many ecosystems as a critical food source for many invertebrates and
vertebrates, including large mammals like caribou (Nugent 1990; Storeheier et al. 2002; Asplund
2010), stabilizing soils (Eldridge and Kinnell 1997; Eldridge et al. 2000; Rai 2012) and
providing habitat for a vast microcosm (Siddiqi and Hawksworth 1982; Zawierucha et al. 2017;
Noh et al. 2020). As a highly diverse genus of conspicuous macrolichens that exhibit an
immense degree of morphological and chemical variation, Cladonia have been intensively
studied from ecological, pharmacological, phylogenetic, and taxonomic perspectives (Stenroos et
al. 2002; 2019; Lendemer and Hodkinson 2009; Pino-Bodas et al. 2013). Yet, there have been
remarkably few genomic studies of this genus (Hoffman and Lendemer 2018).
Phylogenetic and species delimitation studies in lichens, including those focused on
Cladonia, have primarily utilized nuclear loci, and only a single mitochondrial gene
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(Cytochrome Oxidase subunit 1) has been widely employed (Hoffman & Lendemer 2018).
Certain qualities of mitochondrial genes, such as conservation tied to critical biological function,
and atypical modes of inheritance (predominantly uniparentally in ascomycetes; Xu and Li 2015)
make them informative in phylogenetics, population genetics and phylogeography (Avise et al.
1987; Ballard and Whitlock 2004; Patwardhan et al. 2014). Recent research also demonstrated
that mitochondrial genome content and architecture is highly variable in lichens, likely reflecting
both complex evolutionary histories, and co-evolution with diverse symbionts (Pogoda et al.
2018). This work also highlighted an unusual abundance of introns and homing endonuclease
genes (HEGs), a type of highly mobile genetic element, in lichen fungal mitochondrial genes
(Pogoda et al. 2018; 2019).
One study has identified significant variation in genome architecture, introns and HEGs
within Cladonia (Bringham et al. 2018). However, less than 3% of Cladonia species were
included, and intraspecific variation was not investigated. Thus, knowledge of mitochondrial
genomic diversity, architecture and evolution is limited, and on an intraspecific level, unstudied.
Here we provide the first detailed, intraspecific and interspecific comparative study of
mitochondrial genomes, using the evolutionary framework of Cladonia and its relatives.

4.3 Methods
Sample Collection and Identification
Between 2016 and 2019, 73 specimens of 22 Cladonia species were collected from
locations across North America and Japan (Table 4.1). Of these samples, 30 C. rangiferina were
collected in replicate at 18 sites, and 14 C. submitis were collected at four sites (Supplemental
Table 4.S1). Nine additional collections of Pilophorus fibula (Cladoniaceae), Lepraria caesiella,
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L. eburnea, L. finkii, L. normandinoides, L. oxybapha, L. vaouoxii, Stereocaulon dactylophyllum
and S. pileatum (Stereocaulaceae) were also sampled as outgroups to Cladonia based on the
strongly supported sister relationship between the families recovered by Miadlikowska et al.
(2006). Those outgroup taxa, and an additional 31 species from eight genera, were sampled as
part of NSF DEB#1145511 and #1542629, large-scale research projects examining lichen
biodiversity gradients in the southern Appalachian Mountains of eastern North America (see,
Tripp et al. 2019). Collections were identified using standard morphological assessments with a
dissecting microscope, chemical spot tests (K, C, KC and P, as well as longwave UV light;
Brodo et al. 2001), and thin layer chromatography (TLC) to determine lichen secondary
metabolites present in the thalli and as confirmation of spot test results. TLC was performed
using acetone extracts from thallus fragments, utilizing solvent C (Culberson & Kristinsson
1970) as modified by Lendemer (2011) and with a toluene:glacial acetic acid ratio of 200:30 ml.

DNA Extraction and Sequencing
For each sample, a 2mL tube was filled with lichen thallus material. For species which
produce podetia, a single podetium was used, unless one podetium was too small to reliably
extract enough DNA for sequencing. For squamulose species, squamules were scraped into the
vial until sufficiently full. Each sample was crushed while dry with a Qiagen Tissue Lyser
machine, and DNA was extracted using a modified CTAB protocol. Following extraction, Qubit
DNA quantification and standardization, samples were submitted to Cold Spring Harbor
Laboratories and the University of Wisconsin Biotechnology Center for library preparation and
sequencing. This 150bp paired-end sequencing was conducted on Illumina Next-Seq and NovaSeq machines, producing metagenomes that averaged 40 million reads per sample.
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Filtering, Assembly and Annotation
Raw reads were uploaded into Geneious Prime (Geneious Prime 2021) and paired. Paired
reads were trimmed of remaining adapters and low-quality regions using the trim function with
default settings. Trimmed reads were then de novo assembled using the Geneious assembler
under low-sensitivity settings. The top 300 consensus sequences were screened for fungal
mitochondrial genes with the annotation function, using six complete Cladonia mitochondria as
reference (Supplementary Table 4.S1). Consensus sequences that returned similar regions to the
reference mitochondria received iterative assembly, where the consensus was built at the ends
continuously until the sequence began to repeat (a sign of circularization), or until no additional
progress was made. This process continued until the genome was complete upon which it was
circularized and standardized to the start of the COX1 gene, or until the sequence could not be
built any further.
Prior to annotation of our newly generated genomes, the genes annotated in the reference
genomes were found to be irregular or, in some cases, incomplete. Thus, we revised these
annotations prior to employing them as references to annotate our assembled genomes. Each
coding sequence was aligned to examine the start codon, stop codon and any introns present.
Like many other fungi, lichen mitochondria are believed to use genetic code 4, for mold and
protozoan mitochondria. When possible, genes were annotated to set the start codon as the one
most conserved across the reference genomes, although priority was given to the standard start
codon (ATG) when multiple possible start codons were found in close proximity. Occasionally,
an annotation for a coding region lacked a stop codon. In these cases, the 100 bp of sequence
flanking the 3’ end of the annotation was searched for a stop codon within the reading frame. In

65

cases where no unambiguous stop codon could be detected, the annotation was truncated at a
consistent location across all genomes (e.g., COB, where the stop codon may be shared with
COX2) or standardized to another annotation that did contain a stop codon (e.g., COX1).
When available, annotations without introns were used as a reference to edit and
standardize annotations where introns were found. In the case of RPS3, sections of the sequence
were previously inconsistently called as introns, but because the introns lacked internal stop
codons, these regions were interpreted as indels. Lacking any cDNA data for rRNA subunits,
these regions were standardized to the largest annotation. Finally, tRNAs were predicted using
both tRNAscan-se (Chan and Lowe 2019) and ARAGORN (Laslett and Cranback 2004).
Possible pseudogenes predicted by tRNAscan-se were also noted.
Following revision of the reference annotations, assembled mitochondrial genomes for all
Cladonia and outgroup taxa were annotated using the Geneious annotation function. Annotation
boundaries were checked using the open reading frame (ORF) finder in Geneious, set to identify
ORFs larger than or equal to 400 bp. Annotations were adjusted when they deviated from any
ORF. In some samples, the stop codon for NAD3 could not be detected within 100 bp of the end
of the annotation. This gene was left truncated. Any ORFs which did not match an annotation
were submitted to a BLASTp search. If the search returned multiple hits of the same type (e.g.,
COX1, HEGs, hypothetical protein), the ORF was annotated as showing similarity to that
protein.
Identified HEGs were grouped by type (GIY-YIG or LAGLIDADG), then aligned using
MAFFT in Geneious (Katoh and Standley 2013). HEGs were manually clustered into groups
representing visually distinct assemblages of like-HEGs (e.g., LAGLIDADG group 1). Each
mitochondrial genome was then annotated with the reference sequences in each group to
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determine the presence of HEGs in introns, even if its reading frame was interrupted by a stop
codon.

Genome Size Analyses
To compare genome size amongst the newly assembled mitochondrial genomes, and
those previously published for other lichen and non-lichen ascomycetes, a dataset of genome
sizes was assembled from our data and from GenBank (Supplementary Table 4.S2). Life strategy
(lichen, plant pathogen or endophyte, animal or fungal pathogen, animal associate or gut flora,
and saprophyte) was categorized for all species by reviewing relevant literature. Endophytes
were grouped with plant pathogens here because every endophyte examined was noted in the
literature as having a dual lifestyle as an opportunistic pathogen. Lichen taxa were additionally
classified by growth form (i.e., crustose, foliose, fruticose, or polymorphic; leprose growth forms
were treated as crustose, and squamulose growth forms as foliose), and by reproductive strategy
(strictly sexual, dominant lichenized asexual with rare sexual reproduction, and strictly asexual
without sexual reproduction). A Kruskal-Wallis test was used to determine if mitochondrial
genome sizes differed significantly across life strategies, and lichens growth forms. Pairwise
differences were tested with a post-hoc Dunn test with a Holm FWER method p-value
adjustment.

Phylogenetic Inference
All 15 mitochondrial respiratory genes and both the large- and small-subunit rRNA
regions (rrnL and rrnS, respectively) of assembled Cladonia and outgroup taxa (Cladoniaceae:
Pilophorus; Stereocaulaceae: Lepraria, Stereocaulon) were extracted from the metagenomic
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data. Post annotation review, the published C. peziziformis mitochondrion (NC_039132) was
added to this dataset, and the data aligned using MAFFT (Katoh and Standley 2013). Intronic
data were removed from the alignments, leaving only exons or rRNA. The sequences were
standardized at the ends and then concatenated. The maximum likelihood-based program
RAxML (Stamatakis 2014) was used to infer a phylogeny of the mitochondrial gene suite. Due
to the shared inheritance of mitochondrial genes, the dataset was not partitioned. RAxML was
run using 1000 rapid bootstraps and the GTR-gamma substitution model which was supported by
AICc implemented in Partitionfinder2 (Lanfear et al. 2017).

Homing Endonuclease Ancestral State Reconstruction
The occurrence of individual HEGs in COX1 was manually tabulated, and the RAxML
topology was used to estimate when the HEGs likely emerged. Parsimony-based ancestral state
reconstruction (ASR) was conducted in Mesquite (Maddison and Maddison 2019) and run
independently for each class of HEG. HEGs were categorized by whether stop codons had
emerged in the sequence reading frame, and to what degree (i.e., whether or not the resulting
sequence was reduced to less than 400bp). These characters were mapped onto the ASR.
All representatives of each HEG group in Cladonia COX1 were aligned using MAFFT
implemented in Geneious, with the translation displayed using a uniform reading frame. In the
rare instances where HEGs were shared between Cladonia and outgroup taxa, outgroups were
excluded from the alignment to examine only variation within Cladonia. Polymorphisms were
scored for each alignment, recording the position in the codon where they occurred (first, second
or third position) to examine whether mutations were weighted towards one specific position.
Indels were also scored as either triplet indels (indels in units of 3bp) or non-triplet indels (all
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other size indels). Any distinct instance where a stop codon (TAA, TAG; mold, protozoan and
coelenterate mitochondrial genetic code 4) emerged upstream of the most distant recorded stop
codon was also recorded.

4.4 Results
Mitochondrial Genome Size: Interspecific Variation
In total, mitochondrial genomes from 73 samples representing 22 Cladonia species were
assembled and circularized, along with nine outgroup species: one in Cladoniaceae (Pilophorus
fibula), eight in the closely related family Stereocaulacaeae (Lepraria caesiella, L. eburnea, L.
finkii, L. normandinoides, L. oxybapha, L. vouauxii, Stereocaulon dactylophyllum and S.
pileatum; Table 4.1). Due to the diversity of sequencing platforms used to generate data for this
study, genome coverage varied greatly, ranging between 43x and 13705x (mean = 2233.0x, SD =
3206.9x). Mycobiont mitochondrial genomes represented between 0.06% and 5.04% of the total
sequenced reads (mean = 1.33%, SD = 0.99%).
Mitochondrial genome size in Cladonia ranged from 45,312bp (C. peziziformis) to
65,878bp (C. uncialis), averaging 55,791.6bp (SD = 3,622.3bp). Genomes were made up of
between 34.86% (C. stygia CA-ST-2) and 58.81% (C. furcata FEN-470) rRNA and respiratory
genes. The amount of intergenic space ranged from 23,495bp (C. peziziformis) to 38,228bp (C.
stygia CA-ST-2). Stereocaulon genomes were 57,569bp (S. dactylophyllum) and 69,603bp (S.
pileatum) in size. While S. dactylophyllum fell within the upper extent of genome sizes seen in
Cladonia, S. pileatum was 3,725bp larger than the largest Cladonia mitochondrial genome.
Lepraria genomes were consistently smaller than any of the Cladonia genomes, ranging from
35,855bp (L. finkii) to 45,176 (L. caesiella).
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To place the mitochondrial genome sizes of our primary study taxa within a broader
evolutionary and functional context, we compiled data for an additional 50 lichen species and
199 non-lichen ascomycetes (Supplementary Table 4.S1). We also scored several key traits for
these taxa, namely growth form and dominant reproductive mode for lichens, and nutrition mode
for both lichen and non-lichen taxa. Of the additional lichen taxa, 31 were newly assembled with
the genome assembly methods described here, and 19 were previously published. The non-lichen
fungal data were compiled from NCBI and included 228 separate samples from 199 species (85
genera), 167 of which were also studied by Pogoda et al. (2018). After Cladoniaceae, the second
most deeply sampled lichen family was Parmeliaceae (26 complete mitochondrial genomes
across ten genera; Supplementary Table 4.S1). Parmeliaceae exhibited greater mitochondrial
genome size variation than Cladoniaceae or Stereocaulaceae (32029bp in Imshaugia aleurites to
108024bp in Parmotrema stuppeum), and Cladoniaceae had significantly smaller genomes than
Parmeliaceae (two-sided Mann Whitney U-test, p < 0.05, U = -26380; Figure 4.1).
Mitochondrial genome size across all 81 lichen species from 28 genera and 15 families
(135 total genomes) differed significantly across lichen growth forms (Kruskal-Wallis test, chisquared = 31.416, df = 3, p < 0.05; Figure 4.2), with crustose genomes significantly smaller than
foliose and fruticose genomes (post-hoc Dunn test, p<0.05). Regarding reproductive strategies,
the mitochondrial genomes of mixed-mode asexual+sexual species were significantly larger than
strictly asexual or sexual species (Kruskal Wallis test, chi-squared = 18.382, df = 2, p < 0.05;
post-hoc Dunn test, p<0.05). There was not a significant difference between strictly asexual and
sexual species however until an outlier sample, Leprocaulon disjuncta, was removed from the
strictly asexual dataset (Kruskal Wallis test, chi-squared = 21.856, df = 2, p < 0.05; post-hoc
Dunn test, p<0.05). Although scored as strictly asexual because sexual reproduction has never
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been observed in L. disjuncta, it belongs to a lineage that includes closely related species with
mixed-mode reproduction (McCune and Rosentreter 2015).
Non-lichenized ascomycetes exhibited far greater variation in mitochondrial genome size
than lichenized fungi, ranging from 18,844bp (Haseniaspora uvarum) to 272,497bp
(Ophiocordyceps camponoti-floridani). Of the 288 non-lichen genomes, 57 were endophytes and
plant pathogens, 71 were animal or fungal pathogens, 80 were saprophytes or fungi of an
otherwise free-living life strategy, and 19 were animal symbionts. Mitochondrial genome size
varied significantly across fungal life strategies (Kruskal Wallis Test, chi-squared = 41.185, df =
4, p<0.05), with lichen genomes significantly larger than all other fungal lifestyles except for
plant endophytes and pathogens (post-hoc Dunn test, p<0.05). Plant endophytes and pathogen
mitochondrial genomes were also significantly larger than those of animal pathogens and
saprophytes (post-hoc Dunn test, p<0.05).

Mitochondrial Genome Size: Intraspecific Variation
Of the 74 Cladonia mitochondrial genomes assembled here, 30 were from C. rangiferina
and 14 were from C. submitis. Both species were sampled widely from parts of their ranges in
North America and East Asia. Due to the depth of sampling, we examined intraspecific
mitochondrial genome variation in these two species. Variation was generally greater in C.
submitis than in C. rangiferina: there were 27 unique genotypes among the 30 C. rangiferina
samples, while all 14 C. submitis samples represented unique genotypes. Genome size across C.
rangiferina varied from 55,106-59,290bp (4,184bp difference, mean = 56,351.8bp, SD =
1,212.2bp), whereas the range was 51,791-57,826bp across C. submitis (6,035bp difference,
mean = 54,954.8bp, SD = 2,461.6bp). Between 49.28% and 56.06% of C. rangiferina genomes
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and 50.10% to 52.53% of C. submitis genomes are composed of rRNA and the respiratory gene
suite, leaving 24,798-30,071bp in C. rangiferina and 24,587-28,349bp in C. submitis as
intergenic space.

Mitochondrial Genome Architecture
The complete suite of respiratory genes and ribosomal RNA regions was recovered in all
samples. Gene order was consistent within each genus but varied across genera (Figure 4.3). In
Cladoniaceae, Cladonia and Pilophorus gene order differed in the position of NAD1; while
NAD1 occurred after COX1 in Cladonia, the gene was after of COX2 in Pilophorus. Lepraria,
which belongs to the Stereocaulaceae, exhibited the same gene order as Pilophorus in
Cladoniaceae. However, Stereocaulon gene order deviated significantly from Lepraria and all
members of Cladoniaceae: in addition to at least three instances of order transformation, all
genes except for COX1 and NAD1 exhibited an inversion, reading in the opposite direction.
Within Cladonia, a consistent pattern of mitochondrial gene order was observed in all
samples and species with few exceptions. First, a paralogous ATP9 gene was found in C.
ravenelii, located between NAD3 and NAD4L, with a start and stop codon, and not interrupted
by any additional stop codons, appearing as an ORF (Figure 4.4). A BLASTp search suggested
strong similarity to known ATP9 (E value = 3 x 10-28, percent identity = 92.31% match to C.
rangiferina ATP9 [accession # NC_036309.1]). Second, within S. pileatum we found a sequence
with high similarity (87.56%) to ATP9, located 278bp downstream of the primary ATP9 copy.
Although the sequence was highly similar to the primary ATP9, it lacked a terminal stop codon
(Figure 4.4). The nearest stop codon in the same reading frame was located 1,614bp downstream
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of where the gene would typically terminate. The sequence contained nine mutations separating
it from its paralogue, eight of which occurred in the last 18bp of the 225bp sequence.
We also found that C. subtenuis, P. fibula, S. dactylophyllum and S. pileatum contained
additional genes not associated with the mitochondrial respiratory gene suite. ORFs bearing
strong similarity to DNA Polymerase type B2 (DPO) were present in both C. subtenuis (between
NAD3 and NAD4L) and S. dactylophyllum (between COX1 and NAD1). This gene was already
noted in one C. subtenuis sample (FEN-493) by Bringham et al. (2018), which was reassembled
and confirmed in this study. Our annotation of a second C. subtenuis sample (WRG-SP-2)
identified a highly similar sequence (99.90% similarity to the uninterrupted ORF annotated in
FEN-493), although the gene contained a stop codon (TAA) 288 codons into the 499 codon-long
gene. ORFs bearing strong similarity to DNA-dependent RNA-polymerase (RPO) were also
found in P. fibula between COX1 and NAD4, and in S. dactylophyllum and S. pileatum between
NAD1 and ATP8.
As has been observed in past studies (Pogoda et al. 2018; Bringham et al. 2018), the most
variable mitochondrial gene regarding architecture was COX1. COX1 ranged from 1,734 to
10,210 bp and had anywhere from zero to six determinable introns. When COX1 introns were
present, intron size ranged from 937 to 8378 total bp, constituting between 16.85% and 63.95%
of the gene (mean = 30.39%, SD = 8.88%). The fewest COX1 introns were observed in C.
peziziformis (no introns), while the most were in C. furcata, C. petrophila and C. stipitata. In 37
of 74 Cladonia samples, the COX1 stop codon could not be determined and was annotated as
truncated, such that the upper limit to the number of introns remains uncertain.

Phylogenetic Inference
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To examine the evolutionary history of HEGs in Cladonia, we first inferred a phylogeny
from the complete suite of respiratory gene exons and ribosomal rRNA. Pilophorus was included
as it is a known early diverging lineage in Cladoniaceae (Stenroos et al. 2019), and
representatives of Stereocaulaceae (Leprara, Stereocaulon) were included as an outgroup based
on the well-established sister relationship between that family and Cladoniaceae (Midalikowska
et al. 2006). The maximum likelihood phylogeny we recovered was largely topologically
congruent with that inferred by Stenroos et al. (2019) from five nuclear loci. All major clades
and subclades delimited by Stenroos et al. (2019) were recovered and supported in this study
(Figure 4.5): clade Arbusculae represented by C. submitis and C. arbuscula was strongly
supported (BP: 100); clade Crustaceae represented by C. rangiferina, C. stygia, C. oricola and C.
subtenuis was strongly supported (BP: 98); clade Erythrocarpae represented by C. coccifera, C.
didyma, C. leporina, C. macilenta, C. ravenelii was strongly supported (BP: 100); clade Perviae
represented by C. strepsilis and C. squamosa was strongly supported (BP: 100); and clade
Unciales represented by C. uncialis was supported (BP: 75).
In addition to the clades outlined above, clade Cladonia of Stenroos et al. (2019) was
recovered as monophyletic with strong support (BP: 100) and including subclades Apodocarpae
(C. apodocarpa, C. petrophila), Ascyphiferae (C. furcata, C. peziziformis, C. stipitata), Cladonia
(C. mateocyatha), and Graciles (C. grayi, C. pyxidata). Each of those four subclades within clade
Cladonia was recovered as monophyletic with strong support (BP: 100). While the phylogeny
inferred here recovered all the major groups within Cladonia that had been identified in previous
evolutionary studies, the relationships among these clades differed slightly from Stenroos et al.
(2019). Namely, clades Erythrocarpae and Perviae were here recovered as sister to clade
Crustaceae rather than Arbuscula. Moreover, while clades Arbuscula and Crustaceae were
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recovered as sister by Stenroos et al. (2019), they were here recovered as more distantly related,
separated by the clades Uncialis (BP:75), Erythrocarpae and Perviae (BP:98).

Homing Endonucleases: Interspecific Variation
Homing endonuclease genes were detected in all samples. BLASTp searches of intraintron ORFs across all samples revealed homing HEG-like sequences (i.e., ORFs that showed a
high similarity to known HEG sequences) in COB, COX1, NAD1 and NAD5. In total, 11 unique
LAGLIDADG HEGs and three GIY-YIG HEGs were identified across all genes and all
Cladonia species. Both types of HEGs exhibited high site fidelity, with each HEG group
consistently restricted to one intron location, in only one gene. Four LAGLIDADG and two
GIY-YIG HEGs were found in P. fibula, located in the COB, COX1, and COX3 genes, and in
both rrnL and rrnS rRNAs. HEGs were comparatively scarce in Lepraria, where all species had
one LAGLIDADG HEGs in the intron of NAD5. Two ORFs were also found in L. caesiella
intergenic space resembling LAGLIDADG and GIY-YIG HEGs between COX3 and rrnL, and
rrnL and NAD2 respectively.
Of all HEGs documented, six LAGLIDADG groups (labeled LAGLIDADG group I-VI)
and two GIY-YIG groups (labeled GIY-YIG group I-II) were unique to COX1. Two
LAGLIDADG HEGs (group III and VI) were also represented in P. fibula (group VI) and S.
pileatum (group III and VI). COX1 also contained the most variability in endonuclease
occurrence across samples, with samples bearing between one and six LAGLIDADG or GIYYIG HEG-like sequences. While introns usually contained zero to one endonuclease, some
introns contained two. Non-HEG intra-intron ORFs were rare, but two hypothetical proteins
were identified in one C. rangiferina sample (CA-R-2) and all three C. uncialis samples. While
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the ORF in CA-R-2 could not be identified via BLASTp, those in C. uncialis COX1 intronic
space were identified as a DUF3810 domain-containing protein.
Of the eight COX1 HEGs found in Cladonia, seven exhibited between 70 and 199
transformation mutations (mean = 99.86, SD = 47.28) and between zero and eight indels (Table
4.2). LAGLIDADG group IV HEG was highly similar across the six taxa in which they were
found, with only a single mutation observed. In these seven HEGs, the position of transformation
mutations varied considerably. The representation of third-position mutations fluctuated from
20.00% of the total in GIY-YIG group II to 62.82% in LAGLIDADG group VI (mean = 41.02%,
SD = 12.22%). In both GIY-YIG HEGs and half of LAGLIDADG HEGs (groups I, II and VI),
non-triplet indels were present in at least one taxon. In all cases, non-triplet indels interrupted the
sequence translation at some point with a stop codon. All HEGs except for LAGLIDADG group
III and IV were interrupted with an early stop codon in at least one taxon.

Homing Endonucleases: Intraspecific Variation
As was the case among Cladonia species, considerable variation in intron and HEG
presence was also observed within C. rangiferina and C. submitis. One of the two GIY-YIG
HEGs and five of six LAGLIDADG HEGs that occurred in Cladonia were found in C.
rangiferina, while no GIY-YIG HEGs and two LAGLIDADG HEGs were found in C. submitis.
In C. rangiferina, COX1 had between three and four introns, though the gene was truncated in
22 samples (73%), with at least one unidentified intron present toward the 3’ end of the gene. In
C. submitis, COX1 had between one and three introns, with the gene truncated in nine samples
(64%). Cladonia rangiferina COX1 contained between two and four HEGs, exhibiting one of the
two identified GIY-YIG types and five of the six LAGLIDADG types. Cladonia submitis COX1
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contained fewer HEGs, exhibiting either one or two LAGLIDADG HEGs. Of all HEGs,
LAGLIDADG group IV was exclusive to C. rangiferina and found in only six samples (Figure
4.3).

Homing Endonucleases: Ancestral State Reconstruction
Parsimony-based ancestral state reconstructions (ASR) of each distinct HEG group in
COX1 revealed very different histories of inheritance (Supplementary Figures 4.S1A-F). One
LAGLIDADG HEG (group IV) and one GIY-YIG HEG (group I) were each restricted to one
clade and predicted to have had a single origin in Cladonia. The other six COX1 HEGs were
paraphyletic, with all but LAGLIDADG group III predicted to have multiple origins in Cladonia.
Three LAGLIDADG HEGs (groups I, III and VI) were much more widespread than other HEGs,
occurring in more than 50% of examined Cladonia species. In groups I, III and VI
LAGLIDADG and group I GIY-YIG HEGs, at least one instance of HEG loss was also inferred.

4.5 Discussion
This study presents the first comparative analysis of intraspecific and interspecific
mitochondrial genome variation within a single lineage of lichen-forming fungi (i.e., the clade
formed by Cladoniaceae and Stereocaulaceae; Miadlikowska et al. 2006) and focuses on the
iconic, ecologically important macrolichen genus Cladonia. The 74 samples belonging to 21
Cladonia species and one Pilophorus species studied here render Cladonia the best sampled
lichen genus and family with respect to assembled mitochondrial genomes. (Parmelicaeae, a
highly speciose lichen family is represented by mitochondrial genomes from 27 total species
from ten genera, of which 14 are newly published here).
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Mitochondrial Genome Size: Interspecific Variation
Genome size was significantly smaller in Cladoniaceae and Stereocaulaceae than in
Parmeliaceae and exhibited a smaller size range. The difference in size may be related to the
greater representation of Parmeliaceae genera. Sampling other genera in Cladoniaceae and
Stereocaulaceae, and sampling more robustly in the genera studied here, will provide greater
insight into whether the variation is related to the number of genera sampled.
Cladonia mitochondria exhibited a near 20,000bp range in size, from 46,499 to 65,878bp.
While the P. fibula mitochondrion was somewhat comparable in size, and Stereocaulon was
towards the larger end of this range, Lepraria genomes were between 1,323 and 10,644bp
smaller than the smallest assembled Cladonia genome. Lepraria species had few introns,
exhibiting far less intronic space compared to Cladonia, Pilophorus and Stereocaulon. Cladonia
and Lepraria differ considerably in aspects of morphology and reproductive strategy; Cladonia
species form large, morphologically complex, thalli and these vary greatly across its constituent
clades (Ahti et al. 2000; Brodo et al. 2001). By contrast, Lepraria species have highly reduced,
simplified thalli that consist primarily of diffuse bundles formed from hyphae wrapped around
algal cells that adhere to a substrate (Lendemer 2013). Cladonia species utilize a diversity of
reproductive modes in individual thalli, often combining sexual, asexual and vegetative
reproduction (Seymour et al. 2005). Lepraria, however, is persistently sterile; neither sexual
reproductive structures nor sexual reproduction has ever been documented in the lineage
(Lendemer 2013). The differences between Cladoniaceae and Lepraria mitochondrial genome
sizes and intron occurrence may reflect different selective pressures related to the differences in
morphological complexity, reproductive strategies, or both.
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When compared across lichen genera, using genomes generated in this study and those
available on GenBank, mitochondrial genome size differed significantly across lichen growth
forms. Crustose lichens, which have the most limited range of morphological variation, had
significantly smaller mitochondrial genomes than those of morphologically more complex
fruticose and foliose lichens. There was not a significant difference between crustose and
polymorphic lichens, which is surprising given that species with polymorphic morphologies
combine multiple growth forms in a single dimorphic thallus (Ahti 2000). It is possible that this
could be due to a phylogenetic effect, where both growth form and genome size could be
explained by relatedness. However, while growth form is usually consistent within genera, there
is often variation among even closely related genera (Tehler et al. 2007; Arup et al. 2013;
Lendemer and Hodkinson 2013). A similar assessment of mitochondrial genome size to other
genome characteristics by Pogoda et al. (2018) found their results remained significant even after
correcting for phylogenetic relatedness. A broader study incorporating intensive sampling within
a greater range of families is needed.
Mitochondrial genome size was also significantly related to reproductive strategy, with
species utilizing mixed sexual+asexual modes possessing significantly larger genomes than
either sexual or strictly asexual species. Species with such mixed modes also exhibited the
greatest variation in genome size (Figure 4.2B), with strictly sexual or asexual species exhibiting
far more constrained sizes. Reproductive flexibility present in mixed-mode species may be a
strategy that encourages experimentation in genome content, which translates to a greater range
in genome sizes. Alternatively, fixed reproductive modes may constrain genome size to some
degree. It is possible that Lepraria is constrained in mitochondrial genome size due to factors
other than reproductive strategy. However, our sample sizes in terms of represented genera are
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low, particularly for strictly asexual lichens, and so there is a need for increased targeted
sampling of strictly asexual taxa and their sisters.
In a broader context of fungi across Ascomycota, mitochondrial genome size is
significantly larger in lichens than in most other fungal lifestyles. Like other obligate symbionts,
lichens cannot develop to maturity and reproduce in the absence of their photobiont (Nash 1996).
Long-standing co-evolutionary bonds between species such as those in lichens theoretically drive
genomes towards streamlining, a process by which symbionts partition roles and eliminate
redundant processes (Khachane et al. 2007; McCutcheon and Von Dohlen 2011; Morris et al.
2012). Genome streamlining frequently results in simplified or lost genes, which suggests the
resulting genome size should be smaller in obligate symbionts than in facultative or free-living
organisms. However, total genome size does not necessarily relate to streamlining (Lee and
Marx 2012); while many bacteria do exhibit size reductions tied to streamlining – and indeed this
phenomenon accounts for the evolution of mitochondria as ancient endosymbionts (Adams et al.
2003; Khachane et al. 2007; Morris et al. 2012) – several fungi and some bacteria exhibit
genome inflation instead (Martin et al. 2010; Spanu et al. 2010). While we did not find reduced
mitochondrial genome sizes in lichens, other studies have demonstrated some evidence for
streamlining in certain species (Pogoda et al. 2019).

Mitochondrial Genome Size: Intraspecific Variation
While exhibiting less variation than was seen across Cladonia, mitochondrial genome
size still varied by 4,269bp within C. rangiferina, and 6,035bp within C. submitis. Intergenic
space varied by 5,273bp in C. rangiferina and 3,762bp in C. submitis, but much of this size
difference is jointly due to the variation in intron occurrence. In C. rangiferina, smaller genomes
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are widespread across east Asia and North America, though some larger genomes did occur on
the east Atlantic Coast of North America. In C. submitis, mitochondrial genomes from East
Asian samples were consistently smaller than those from eastern North America (unpaired t-test,
p < 0.01, t = 9.3289). This could reflect disjunction, and hence strong geographic isolation of the
two populations (Ahti 1967; Hoffman et al. 2020). That we recovered C. submitis samples in two
distinct, geographically restricted clades further supports this hypothesis.

Mitochondrial Genome Architecture
A comparison of gene order among Cladonia revealed a paralogous ATP9 in C.
ravenelii. The duplication is interesting in the context of its loss in numerous other lichen
lineages (Pogoda et al. 2018). In mitochondria, the ATP9 encoded protein is a critical part of the
ATP synthase enzyme, with multiple copies forming a ring which rotates during proton transport
(Bietenhader et al. 2012). Its activation promotes the ATP-producing capability of ATP synthase.
This role is important to the function of ATP synthase, which is likely why it is so conserved in
Cladonia; while nucleotide polymorphisms were present across all samples, none caused any
differentiation in their corresponding codons, including in the first copy of ATP9 in C. ravenelii.
However, the duplicated ATP9 in C. ravenelii had many variations which change its translation,
including several large insertions (Figure 4.3). One explanation for this divergence is that the
duplicated gene is not translated due to factors not apparent in the mitochondrial genome
sequence, and it has accumulated mutations that, while not resulting in an interrupting stop
codon in the sequence, left the sequence functional, but not translated. Effectively the result is a
pseudogene, a phenomenon that occurs occasionally in genomic evolution (Bensasson et al.
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2001; Balakirev and Ayala 2003; van der Burgt et al. 2014). This hypothesis is also a likely
explanation for the duplicate ATP9 seen in S. pileatum, which lacked a discernable stop codon.
An alternative hypothesis for the paralogous ATP9 in C. ravenelii is that the gene is still
translated, but serves an altered function. Likewise, it is also possible that the paralogous ATP9
in S. pileatum is also translated, perhaps containing an undetected intron towards the end of the
sequence. Duplications of respiratory proteins are not rare in fungi (Marcet-Houben et al. 2009),
and there are instances where a paralogous gene accrues mutations and develops a specialized
function. For example, Saccharomyces cerevisiae has two variants of COX5, one expressed
under aerobic conditions and the other under anaerobic conditions (Hodge et al. 1989). Similarly,
paralogous ADP/ATP carriers in Yarrowia lipolytica are differentially expressed under aerobic
and anaerobic conditions (Mentel et al. 2005). The duplication and differentiation of ATP9 in C.
ravenelii could be one such gene specialization event, wherein the second function has yet to be
identified. It is worth noting that while such duplications are common in fungal mitochondria,
this is the first documented case in lichens. Additional sampling of C. ravenelii is required to
further study this phenomenon.
The other notable difference in gene content was the occurrence of DPO and RPO in
several species across multiple genera. The occurrences of DPO and RPO are the result of an
integration of a partial or entire plasmid containing both genes into the mitochondrial genome, an
event often reported in fungi (Griffiths, 1995; Formighieri et al. 2008; Nadimi et al. 2015).
Lichens in multiple genera are known to contain DPO or RPO (Xavier 2011; Pogoda et al. 2018).
The presence of DPO in C. subtenuis was previously reported by Bringham et al. (2018), and is
evidence that, like other fungi, mitochondrial plasmids likely play a role in the organization and
transformation of lichen genome architecture. However, the additional sample of C. subtenuis
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examined in this study contained a DPO that was non-functional, interrupted by a single stop
codon, suggesting that it may by functional. The sporadic occurrence of DPO and RPO in lichen
mitochondrial genomes further suggests that the genes serve little, or no function once inserted
into the mitochondrion. In the Stereocaulaceae, which is sister to Cladoniaceae, DPO was also
found in S. dactylophyllum, and RPO in P. fibula, S. dactylophyllum and S. pileatum. In S.
dactylophyllum, DPO and RPO were separated by NAD1, which could be explained by separate
plasmids integration events, or by transposition of NAD1 between the two plasmid genes after
their insertion.

Homing Endonucleases: Interspecific Variation
The abundance of LAGLIDADG and GIY-YIG HEGs in lichens, and more specifically
Cladonia, has been noted in recent studies (Pogoda et al. 2018; 2019; Birgham et al. 2018).
Pogoda et al. (2018) found that GIY-YIG HEGs were more abundant than LAGLIDADG HEGs
across an evolutionarily broad sampling of lichens. However, within Cladonia, we found
LAGLIDADG HEGs were far more common and diverse than GIY-YIG HEGs. HEGs are a
common selfish genetic element that occurs widely in genomes across animals, plants and fungi
(Belfort and Roberts 1997; Scalley-Kim et al. 2007; Megarioti and Kouvelis 2020). Two other
distinct classes of HEGs (HNH and His-Cis box) have been described, and while HNH,
LAGLIDADG and GIY-YIG HEGs have been observed in other fungi (Belfort and Roberts
1997), only the latter two have been found in lichens (Pogoda et al. 2018; 2019; Birgham et al.
2018). Our study is consistent with this.
The literature on HEGs is somewhat divided on the nature of these trans-genomic
sequences. Some studies have suggested that HEGs are parasitic genomic elements with life
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cycles of their own; HEGs insert into conserved elements of genes such as COX1, potentially
invoking a cost on the host gene and organism (Gogarten and Hilario 2006). Upon insertion as an
intron, the HEG persists until it is fixed in the population, after which it accrues mutations and
loses function (Gogarten and Hilario 2006; Swithers et al. 2009). By inhabiting an intron flanked
by conserved elements, HEGs may also be possibly sheltered from some deleterious mutations
which could erode the endonuclease function or eliminate the intron. This perspective is the
dominant one in lichens, with HEGs discussed mostly as parasitic elements in the limited lichen
literature (Pogoda et al. 2019).
Other studies hold the alternate perspective that HEGs may instead be mutualistic
elements, at least in some cases (Stoddard 2005; Hausner 2012). HEGs introduce new alleles
upon introduction, which may be advantageous to the host (Basse 2010). Additionally, these
mobile elements are strongly associated and coevolved with group I and II introns (Megarioti
and Kouvelis 2020), which are in turn hypothesized to have coevolved mutualisms with host
genes (Edgell et al. 2011). Introns are a well-known source of functional diversity for proteins,
creating potential for alternative splicing (Kim et al. 2008; Syed et al. 2012; Kelemen et al.
2013). By introducing introns into a gene, HEGs may also introduce opportunities for
translational innovation. There are instances of specific HEGs escaping the cycle of invasion and
elimination by adopting a function valuable to the host (Stoddard 2005). While some HEGs have
developed a splicing function for the host intron (Lambowitz et al. 1999), others have taken on
more specialized roles, such as cleaving the MAT plasmid in Saccharomyces cerevisiae (Jin et
al. 1997).
We found a clear dichotomy in our focal taxa (Cladoniaceae and Stereocaulaceae)
between genera with abundant HEGs (Cladonia, Pilophorus and Stereocaulon) and Lepraria
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which was comparatively HEG-poor. Across Cladonia, Pilophorus and Stereocaulon, only a
single sample (C. peziziformis) lacked any HEGs in COX1. Species in these genera contained
from one to ten HEGs across the mitochondrial genome (mean = 5.13, SD = 2.22), whereas
Lepraria contained between one and three (and two of the three HEGs in L. caesiella were in
intergenic space). Lepraria species also consistently had only two or three introns, which reflects
the strong association between HEGs and with intron presence. The reduction or loss of introns
may be additional evidence of evolutionary pressure towards streamlining in Lepraria, which is
highly morphologically reduced in comparison to the complex morphologies of Cladonia,
Pilophorus and Stereocaulon. If this is the case, the trend towards reduction could explain the
paucity of HEGs in Lepraria, as any introns created by their occurrence could potentially be
more costly than in other genera.
In this way, HEGs could act as parasites and mutualists depending on the evolutionary
pressures of the host taxon. When introns are selected against, or there is a pressure to converge
on a specific genomic state, HEGs invoke a cost on their host genes by introducing
disadvantageous introns. When genomic experimentation is evolutionarily favored, or less
subject to strong selective pressure, HEGs could function mutualistically as a source of introns or
genetic variation. Cladonia and Lepraria could be an ideal system to investigate function of
endonucleases in obligately symbiotic organisms. Particularly through a cDNA study, in which
the translational products of genes with and without introns would be sequenced to determine if
genes with HEG introns undergo alternative splicing.
Our study suggests that inheritance of HEGs is more complicated than that of the lichen
mitochondrion. Ancestral state reconstructions inferred multiple evolutionary histories for COX1
HEGs, which sometimes deviated from the relationships in the phylogeny. These ASRs inferred
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multiple instances of insertion for several HEGs. This is similar to Goddard and Burt (1999),
who observed multiple patterns of intron and HEG occurrence in S. cerevisiae mitochondrial
rrnL genes, which did not coincide with phylogenetic relationships. Those authors concluded this
was the result of horizontal gene transfer between distinct S. cerevisiae strains. Horizontal gene
transfer also likely explains our results, though it likely involves another genome abundantly
present in the lichen itself (e.g., the mycobiont nuclear genome, or possibly photobiont nuclear or
organellar genomes). Horizontal gene transfer has already been observed between the nuclear
and mitochondrial mycobiont genomes (Pogoda et al. 2018; Tagirdzhanova et al. 2021).
Additionally, while exchange with photobiont genomes has yet to be observed, many fungi have
experienced horizontal gene transfer with other organisms, like bacteria (Schmitt and Lumbsh
2009; Fitzpatrick 2012) and other fungi (Fitzpatrick 2012) and even plants (Nikolaidis et al.
2014). Thus, it is possible that such exchanges could occur between lichen bionts.
Despite evidence for horizontal gene transfer, no single HEG was found in more than one
location in the genome, even across species. This strong fidelity is illustrated by the subset of
ASRs in which an HEG group was inferred to have arisen independently multiple times in
Cladonia, yet it always occurred at the same location in COX1. This demonstrates the strength of
the HEG homing ability. Similar to restriction enzyme affiliation to restriction sites, HEGs have
regions with an affinity for specific target sites (Stoddard 2005). HEG target sites are far larger
than those of restriction enzymes, ranging from 14-44 bp (Arbuthnot 2005; Stoddard 2005).
However, HEG also exhibit more flexibility in binding specificity, and so can insert into more
variable sites (Hafez and Hausner 2012). This may include similar regions in the same genome,
as well as the same region across individuals or species. It is this variability that may explain the
inference of multiple separate insertion events in the same region of a gene.
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The accrual of mutations within COX1 HEGs varied considerably: some had nearly equal
ratios of transformation mutations in each codon position, while others had a strong bias towards
the third position. The latter position bias may indicate selective pressure towards conservation
of function, as third position mutations often code for the same amino acid (Crick 1966; Yarus
2021). It may be that some HEGs we found in still retain their transposon-like function. HEGs
are known to self-replicate both independently, and through proximal translation (Sethuraman et
al. 2009; Hausner et al. 2012), and these HEGs may still be capable of transposing and inserting
into a new location. However, there is also evidence of endonuclease degradation in the
mitochondria we studied. All but three COX1 HEGs had non-triplet indels in at least one sample,
and all but two had at least one instance of a stop codon interruption. These frameshift mutations
and stop codons indicate that HEGs do not retain function, at least in some taxa, and instead
accrue mutations regardless of their effect on the gene.
One possible explanation for the apparent contradiction between conservation and
interruption is the HEG life cycle. Originating elsewhere in the lichen genome, the HEG may
retain conservation of function, preserving capacity to insert into specific genes. Upon insertion
into a mitochondrial gene however, it may be incapable of transportation to a new position,
subsequently losing function it had outside of the mitochondrion and undergoing degradation by
accruing deleterious mutations.

Homing Endonucleases: Intraspecific Variation
Homing endonuclease genes also varied within the two taxa we studied, C. rangiferina
and C. submitis. Between two and four COX1 HEGs were observed in C. rangiferina, while one
or two were observed in C. submitis. There was also one HEG (LAGLIDADG group IV) that
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was unique to C. rangiferina and found only in five samples (Supplementary Figure 4.S1F). The
emergence of this LAGLIDADG HEG may be a recent evolutionary event. However, additional
interspecific and intraspecific sampling is needed to confirm this.
The interspecific mitochondrial genomic and HEG diversity of C. rangiferina and C.
submitis found in this study are a likely representative of what could be found in other Cladonia
species if studied to a similar degree. Nuclear genomic diversity strongly relates to effective
population size (Ne; Hague and Routman 2016), although this relationship does necessarily not
extend to mitochondrial diversity, at least in animals (Bazin et al. 2006; Meiklejohn et al. 2007).
This phenomenon has been tied to genetic draft, a process by which advantageous alleles under
strong selection become fixed and facilitate a sweep of allele fixations at nearby linked loci
(Gillespie 2000; 2001). The effect is strong in mitochondria due to the typically uniparental
inheritance of the organelle and lack of recombination – a trait consistent in many, though not all
fungi (Wilson and Xu 2012). However, due to their origins from outside of the organelle, the
occurrence of HEGs might not be subject to the same genetic draft effect. Hence, HEGs may
have the same relationship with Ne that is present in nuclear DNA. Under this hypothesis,
species with large populations or that are widely distributed (e.g., C. rangiferina; Culberson
1972) would have more unique HEGs, whereas restricted species with smaller populations (e.g.,
C. submitis; Ahti 1967; Hoffman et al. 2020) would have less HEG diversity. Additional
population-level sampling of multiple species is needed to test this hypothesis.

4.6 Conclusion
This study presents the largest assessment of mitochondrial genome variation within a
lichen genus to date. It provides new insights into the diversity and evolution of organellar
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genomes of an iconic, speciose clade of lichenized fungi (i.e., the reindeer lichens, Cladonia
subgenus Cladina), as well as more broadly a keystone group of ecologically important,
terrestrial obligate symbionts (i.e., lichens). Our observations of the relationship between fungal
life strategy and mitochondrial genome size highlight how genomic streamlining via the
coevolution of an obligate symbiosis does not correlate to a reduction in genome size. The rare
emergence of ATP9 duplications documented here in Cladonia ravenelii and Stereocaulon
pileatum are also interesting phenomena that have not been seen in other lichens. Finally, this
study also shed light onto the considerable variation in HEG presence and abundance in
Cladonia and the stark contrast of the comparatively HEG-poor genus Lepraria. These
observations draw further questions on the nature of the symbiosis of these selfish mobile
sequences and their host genes. Ultimately, this study provides a framework for comparative
studies of organellar genomes in other lichen lineages and advances the integration of lichens
into broader studies of organismal genomics and evolution.
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4.7 Figures and Tables
Table 4.1 - Cladonia, Pilophorus, Lepraria and Stereocaulon samples used in this study,
including isolate ID, collector, collection number collection location, assembled genome size,
coverage and Genbank Accession number.
Collector

Collection
Number

Location

Country

Genome
Size (bp)

Coverage

Accession
Number

apodocarpa

J. Lendemer

48789

N. Carolina

USA

50382

251x

OL989721

972

Honshu

Japan

57826

2852x

OL989765

Isolate

Genus

Species

FEN-380

Cladonia

SUBJ-972

Cladonia

arbuscula

J. Hoffman &
Y. Ohmura

WRM1ARB-1

Cladonia

arbuscula

J. Hoffman

210

N. Carolina

USA

57703

825x

OL989770

FEN-263

Cladonia

coccifera

E. Tripp

6067

N. Carolina

USA

53632

462x

OL989713

FEN-284

Cladonia

didyma

E. Tripp

6032

N. Carolina

USA

52819

264x

OL989719

FEN-470

Cladonia

furcata

E. Tripp

6423

Alabama

USA

59822

409x

OL989724

FEN-508

Cladonia

furcata

J. Lendemer

49961

Alabama

USA

59839

376x

OL989731

FEN-249

Cladonia

grayi

J. Lendemer

46385

N. Carolina

USA

49772

667x

OL989711

FEN-486

Cladonia

leporina

E. Tripp

6543

Alabama

USA

47843

313x

OL989725

FEN-247

Cladonia

macilenta

J. Lendemer

46386

N. Carolina

USA

46499

500x

OL989710

FEN-250

Cladonia

mateocyatha

J. Lendemer

46387

N. Carolina

USA

58981

1313x

OL989712

Cladonia

oricola

J. Hoffman

438

Mass.

USA

54684

2042x

OL989755

Cladonia

oricola

J. Hoffman

447

Mass.

USA

54684

2151x

OL989756

FEN-420

Cladonia

petrophila

J. Lendemer

49138

Alabama

USA

53100

179x

OL989723

FEN-445

Cladonia

peziziformis

E. Tripp

6281

Alabama

USA

45312

-

NC_039132

FEN-267

Cladonia

pyxidata

E. Tripp

6047

N. Carolina

USA

58325

121x

OL989715

FEN-494

Cladonia

rangiferina

J. Lendemer

49896

Alabama

USA

58220

454x

OL989730

19625

British
Columbia

Canada

55268

1408x

OL989694

807

Hokkaido

Japan

55109

4163x

OL989754

774

Hokkaido

Japan

55932

8268x

OL989749

772

Hokkaido

Japan

55975

3927x

OL989748

914

Honshu

Japan

55021

2956x

OL989750

938

Honshu

Japan

55106

2804x

OL989751

940

Honshu

Japan

55110

7639x

OL989753

SNGRANG-2
SNGRANG-6

R. T.
McMullin
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura

CA-R-17

Cladonia

rangiferina

SJN-807

Cladonia

rangiferina

RJN-774

Cladonia

rangiferina

RJN-772

Cladonia

rangiferina

RJN-914

Cladonia

rangiferina

RJN-938

Cladonia

rangiferina

RJN-940

Cladonia

rangiferina

R-BM2-1

Cladonia

rangiferina

J. Hoffman

681

Maine

USA

56053

2802x

OL989737

R-BM2-4

Cladonia

rangiferina

J. Hoffman

680

Maine

USA

56433

899x

OL989739

R-BM2-3

Cladonia

rangiferina

J. Hoffman

678

Maine

USA

57427

3916x

OL989738

MI-R-4

Cladonia

rangiferina

J. Lendemer

44946

Michigan

USA

58769

1150x

OL989736

Cladonia

rangiferina

J. Hoffman

235

N. Carolina

USA

56423

578x

OL989768

Cladonia

rangiferina

J. Hoffman

231

N. Carolina

USA

56426

898x

OL989767

WRGRANG-6
WRGRANG-2
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WRM1RANG-1

Cladonia

rangiferina

J. Hoffman

219

N. Carolina

USA

56449

274x

OL989771

FEN-201

Cladonia

rangiferina

J. Lendemer

46392

N. Carolina

USA

58935

152x

OL989709

R-NY-1

Cladonia

rangiferina

J. Franklin

GL1215A

New York

USA

56432

2660x

OL989740

R-NY-2

Cladonia

rangiferina

J. Franklin

GL1215B

New York

USA

56432

2049x

OL989741

R-NY-3

Cladonia

rangiferina

J. Franklin

GL1215

New York

USA

56432

1523x

OL989742

16048

Newfoundland

Canada

56203

995x

OL989693

17667

Nunavut

Canada

55106

975x

OL989692

20379

Ontario

Canada

55659

5082x

OL989743

20371

Ontario

Canada

56484

4232x

OL989744

15494

Ontario

Canada

56536

464x

OL989696

15935

Ontario

Canada

59290

1830x

OL989698

14331

PEI

Canada

58221

1429x

OL989695

12115

Quebec

Canada

55401

176x

OL989697

R. T.
McMullin
R. T.
McMullin
R. T.
McMullin
R. T.
McMullin
R. T.
McMullin
R. T.
McMullin
R. T.
McMullin
R. T.
McMullin

CA-R-14

Cladonia

rangiferina

CA-R-1

Cladonia

rangiferina

R-ON-3

Cladonia

rangiferina

R-ON-4

Cladonia

rangiferina

CA-R-6

Cladonia

rangiferina

CA-R-9

Cladonia

rangiferina

CA-R-2

Cladonia

rangiferina

CA-R-8

Cladonia

rangiferina

R-WA-2

Cladonia

rangiferina

J. Hoffman

704

Washington

USA

55234

11363x

OL989745

R-WA-3

Cladonia

rangiferina

J. Hoffman

702

Washington

USA

55234

11793x

OL989746

R-WA-4

Cladonia

rangiferina

J. Hoffman

703

Washington

USA

55234

3585x

OL989747

FEN-491

Cladonia

ravenelii

J. Lendemer

49892

Alabama

USA

48700

210x

OL989728

FEN-488

Cladonia

squamosa

E. Tripp

6547

Alabama

USA

49980

528x

OL989726

FEN-280

Cladonia

squamosa

E. Tripp

6038

N. Carolina

USA

55771

401x

OL989718

FEN-278

Cladonia

stipitata

E. Tripp

6060

N. Carolina

USA

60062

102x

OL989717

FEN-265

Cladonia

strepsilis

E. Tripp

6049

N. Carolina

USA

50482

310x

OL989714

7966

Nova Scotia

Canada

56391

68x

OL989702

15920

Ontario

Canada

58388

691x

OL989699

15589

Ontario

Canada

58388

151x

OL989701

15920

Ontario

Canada

58446

646x

OL989700

736

Hokkaido

Japan

51791

4556x

OL989761

737

Hokkaido

Japan

51794

11485x

OL989762

726

Hokkaido

Japan

51795

7226x

OL989760

740

Hokkaido

Japan

51795

10712x

OL989763

939

Honshu

Japan

54335

17409x

OL989752

967

Honshu

Japan

51794

11084x

OL989764

973

Honshu

Japan

54334

13705x

OL989766

R. T.
McMullin
R. T.
McMullin
R. T.
McMullin
R. T.
McMullin
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura

CA-ST-7

Cladonia

stygia

CA-ST-1

Cladonia

stygia

CA-ST-5

Cladonia

stygia

CA-ST-2

Cladonia

stygia

SUBJ-736

Cladonia

submitis

SUBJ-737

Cladonia

submitis

SUBJ-726

Cladonia

submitis

SUBJ-740

Cladonia

submitis

RJN-939

Cladonia

submitis

SUBJ-967

Cladonia

submitis

SUBJ-973

Cladonia

submitis

Cladonia

submitis

J. Hoffman

451

Mass.

USA

56879

1183x

OL989759

Cladonia

submitis

J. Hoffman

445

Mass.

USA

56895

2766x

OL989758

Cladonia

submitis

J. Hoffman

454

Mass.

USA

56895

2233x

OL989757

IB6-SMIT

Cladonia

submitis

J. Hoffman

357

New Jersey

USA

56879

4088x

OL989734

IB4-SMIT

Cladonia

submitis

J. Hoffman

356

New Jersey

USA

56889

238x

OL989733

SNGSMIT-9
SNGSMIT-5
SNGSMIT-11
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IB7-SMIT

Cladonia

submitis

J. Hoffman

359

New Jersey

USA

56900

827x

OL989735

IB3-SMIT

Cladonia

submitis

J. Hoffman

278

New Jersey

USA

56901

261x

OL989732

FEN-493

Cladonia

subtenuis

J. Lendemer

49895

Alabama

USA

59878

300x

OL989729

WRG-SP2

Cladonia

subtenuis

J. Hoffman

248

N. Carolina

USA

59886

996x

OL989769

FEN-489

Cladonia

uncialis

E. Tripp

6550

Alabama

USA

63607

347x

OL989727

FEN-277

Cladonia

uncialis

E. Tripp

6056

N. Carolina

USA

63608

319x

OL989716

FEN-200

Cladonia

uncialis

J. Lendemer

46391

N. Carolina

USA

65878

289x

OL989708

FEN-137

Lepraria

caesiella

J. Lendemer

45944

N. Carolina

USA

45176

293x

OL989703

FEN-145

Lepraria

eburnea

J. Lendemer

46116

N. Carolina

USA

37280

159x

OL989706

FEN-138

Lepraria

finkii

J. Lendemer

45962

N. Carolina

USA

35855

192x

OL989704

FEN-390

Lepraria

normandinoides

J. Lendemer

48841

Alabama

USA

41379

43x

OL989722

FEN-49

Lepraria

oxybapha

J. Lendemer

46299

N. Carolina

USA

40221

-

KY348846.1

FEN-139

Lepraria

vouauxii

J. Lendemer

45983

N. Carolina

USA

36644

354x

OL989705

FEN-297

Pilophorus

fibula

E. Tripp

4988

N. Carolina

USA

75312

127x

OL989772

FEN-319

Stereocaulon

dactylophyllum

E. Tripp

5047

N. Carolina

USA

57569

398x

OL989720

FEN-176

Stereocaulon

pileatum

J. Lendemer

46616

N. Carolina

USA

69603

239x

OL989707

92

Table 4.2 - Mutations, indels and stop codons found in the GIY-YIG and LAGLIDADG homing
endonuclease genes (HEGs) in Cladonia.
Point Mutations

HEG Type

Group

1st
Pos.

GIY-YIG

I

31

16

23

70

0.329

2

3

5

1

1

II

18

18

9

45

0.200

2

1

3

2

3

I

33

31

49

113

0.434

4

4

8

5

9

II

23

21

28

72

0.389

1

1

2

1

4

III

39

33

50

122

0.410

0

0

0

1

3

IV

1

0

0

1

-

0

0

0

0

0

V

56

47

96

199

0.482

0

3

3

0

0

VI

14

15

49

78

0.628

1

1

2

1

1

LAGLIDADG

2nd
Pos.

3rd
Pos.

Indels
Stop Codons
Non% in
Triplet Triplet
Affected
Total 3rd Pos. Indels Indels Total Stops Samples
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Figure 4.1 - Mitochondrial genome sizes in Cladonia, Pilophorus, Lepraria and Stereocaulon.
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Figure 4.2 - Mitochondrial genome sizes among A) lichen growth forms (a = crustose, b =
foliose and squamulose, c = fruticose and d = polymorphic), B) lichen reproductive strategies (I
= dominantly lichenized asexual, II = strictly asexual, and III = sexual), and C) fungal life
strategies (i = animal pathogen, ii = plant pathogen or endophyte, iii = animal associate or gut
flora, iv = saprophyte, and v = lichen). Post hoc Dunn Test results are displayed in the tables
below. Bold values indicate significance.

95

Figure 4.3 - Mitochondrial gene order in Cladonia, Pilophorus (Cladoniaceae), Lepraria and
Stereocaulon (Stereocaulaceae). Arrows indicate reading direction.
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Figure 4.4 - Mitochondrial ATP9 and gene paralog in Stereocaulon Pileatum and Cladonia
ravenelii, depicted with nucleotide and amino acid sequences. Mutations are noted in dark blue.
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Figure 4.5 - RAxML phylogeny of the respiratory gene suite and rRNA genes of the
mitochondria of Cladonia and outgroup taxa. Branches with bootstrap support of 75% or greater
are bold.
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Figure 4.S1 - Parsimony Ancestral State Reconstructions (ASR) of eight homing endonuclease
genes (HEGs) from the introns of COX1 in the mitochondria of Cladonia, Pilophorus, Lepraria
and Stereocaulon species (GIY-YIG endonuclease I-II; A-B, LAGLIDADG endonuclease I-VI;
C-H), using the topology inferred from a RAxML phylogeny of mitochondrial gene exons and
rRNAs. Black branches denote the presence or predicted presence of HEGs while white denotes
the absence or predicted absence.
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100

101

102

103

104
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CHAPTER 5. Phylogenetics and Species Delimitation Reinforces Phenotype-based Taxonomy
of the Reindeer Lichen Cladonia rangiferina and Allies

5.1 Abstract
Cladonia is one of the most speciose and well-studied lichen genera. While the genus has
received considerable phylogenetic study, species delimitation has remained unsettled due lack
of sufficient resolution from candidate loci as well as between phenotypic and molecular
datasets. Prior studies of the most iconic member of the genus, the true reindeer lichen C.
rangiferina, and two morphologically similar species, C. oricola and C. stygia, illustrate this
problem. Here we present both concatenation and coalescent-based phylogenetic inferences and
three different species delimitation assessments focusing on these three species. There was
disagreement among delimitation analyses, suggesting a history of incomplete lineage sorting or
hybridization events among members of their shared clade Crustaceae and leaving inter-clade
relationships within that clade ambiguous. However, a consensus among phylogenetic and
species delimitation results support C. rangiferina, C. oricola and C. stygia as species distinct
from one another, reinforcing previously established morphologically based delimitation.
Revisiting taxonomic classifications with more advanced assessment tools is critical to
effectively conducting research and conservation management focusing on these species, and this
study provides further support for the taxonomy of this group of ecologically important, closely
related lichens.

5.2 Introduction
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Cladonia P. Browne is among the most speciose and morphologically variable of the
nearly one thousand known lichen genera (Lücking et al. 2017). With over 500 described
species, Cladonia morphologies range from miniscule squamules to voluminous cushions of
dense, branching podetia (Brodo et al. 2001; Ahti 2000). Numerous studies have demonstrated
that phenotypic characters are poor indicators for relatedness at multiple taxonomic scales in this
group, with closely related species routinely presenting divergent morphologies and chemical
profiles, and the same species often apparently having a high degree of phenotypic plasticity
(DePriest 1994; Osyczka 2013; Stenroos et al. 2019).
Most molecular phylogenetic studies of Cladonia have employed a small number of
partial sequences, primarily the Internal Transcribed Spacer (ITS) regions and the 5.8S rRNA
subunit (Hoffman and Lendemer 2018). ITS is the proposed barcoding locus for fungi (Schoch et
al. 2012) and it, together with other commonly used loci, have frequently yielded results
consistent with species delimited based on phenotypic characters in other lichen groups (Blanco
et al. 2004; Sohrabi et al. 2013; Miadlikowska et al. 2014). However, such congruence is far
from universal (Truong et al. 2013; Mark et al. 2016; Moncada et al. 2020), and Cladonia is one
highly speciose group where numerous studies have demonstrated that commonly used
molecular loci appear neither sufficient to resolve deep evolutionary relationships with
confidence, nor to consistently address species delimitation or barcoding (Pino-Bodas et al.
2013; Kanz et al. 2015).
Robust knowledge of evolutionary relationships and accurate species delimitations in
Cladonia have direct relevance to ecosystem science and conservation (Agapow et al. 2004;
Isaac et al. 2004; Garnett and Christidis 2017). These lichens are often abundant where they
occur, have crucial ecological roles, and form the dominant vegetation in northern boreal and
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arctic systems that are undergoing rapid environmental change (Cornelissen et al. 2001; Fraser et
al. 2014; Wang et al. 2020). Within Cladonia, the reindeer lichens are a highly conspicuous and
important group of species characterized by cushion-like thalli and ecorticate, abundantly
branching podetia (Ahti 1984). The common name refers to their importance to caribou
(Rangifer tarandus; Bergerud 1972; Thomas et al. 1996; Johnson et al. 2000). The reindeer
lichens are so morphologically divergent from the rest of Cladonia as to have long been treated
as a separate genus (Cladina Nyl., see Ahti 1984). Despite having shared and highly distinctive
morphologies, molecular phylogenetic analyses have demonstrated that these taxa are not only
nested within Cladonia (Stenroos et al. 2002), but that they form three separate monophyletic
groups that include other species with more typical Cladonia morphologies (Stenroos et al.
2019).
Among the reindeer lichens, and perhaps Cladonia as a whole, the most iconic species is
C. rangiferina (L.) F.H. Wigg., which often forms large, extensive colonies and occurs in a wide
range of habitats worldwide (Culberson 1972). Like other members of the genus, this species is
vital habitat to diverse microbiomes (Hodkinson et al. 2012; Noh et al. 2020), performs complex
interactions with soil and rock (Hammer 1996; Asta et al. 2001; Rosentreter et al. 2016) and
serves as a key food source to animals, including Caribou (Bergerud 1972; Thomas et al. 1996;
Johnson et al. 2000). Cladonia rangiferina has been considered to host substantial morphological
variation, like many Cladonia species, especially those that are broadly distributed across many
regions and habitats (Pino-Bodas et al. 2011; Osyczka and Rola 2013; Osyczka et al. 2014).
Taxonomic treatment of this variation has changed over time, with many authors employing a
profusion of infraspecific taxa (Wainio 1887; Evans 1930; Thomson 1967). Recent treatments of
C. rangiferina have greatly reduced the number of recognized infraspecific taxa, with most
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authors recognizing all temperate, boreal and arctic populations from the Northern Hemisphere
as a single variable entity (Ahti 1978, 2000).
Although Cladonia rangiferina is phenotypically distinct from its congeners, there are
morphologically similar taxa that are sympatric throughout its range and whose distinction from
C. rangiferina remains unclear. Two of these species are C. stygia (Fr.) Ruoss and C. oricola
Ahti & S. Stenroos (Figure 5.1). Cladonia stygia is distinguished from C. rangiferina by its
conspicuously blackened, melanized stereome in the basal portions of the podetia (Ahti and
Hyvönen 1985) and the species co-occur in many areas of the Northern Hemisphere (Ahti 2000;
Brodo et al. 2001). Cladonia oricola is distinguished from C. rangiferina by the red gel in its
pycnidia and comparatively slender podetia (Ahti and Stenroos 2008), and the species co-occur
in northeastern North America (Brodo et al. 2001, Ahti et al. 2016). In the case of C. stygia, a
dedicated attempt to identify an effective barcode locus to distinguish the species from C.
rangiferina found that of six loci, only one showed some potential to distinguish the taxa (Kanz
et al. 2015). Further, molecular phylogenetic studies have not demonstrated C. rangiferina and
C. stygia to be reciprocally monophyletic species (Athukorala 2013; Stenroos et al. 2019), and
detailed studies have not been performed on C. oricola.
Here, we employ a broad suite of mitochondrial and nuclear genes assembled from newly
generated metagenomic data to delimit species boundaries among C. rangiferina, C. stygia and
C. oricola. We confirm the accepted placement of these species in a well-supported
monophyletic Cladonia clade “Crustaceae” following Stenroos et al. (2019). We utilize a
combination of concatenation-based and coalescent-based phylogenetic approaches in
conjunction with species delimitation methods to examine the evolutionary relationships among
and within these species in detail for the first time. Drawing upon the results of our analyses we
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establish a foundation for species delimitation in this group and use it to inform future taxonomic
study.

5.3 Methods
Field sampling and laboratory study
Between 2016 and 2019, 68 specimens of 22 Cladonia species were collected from
locations across North America and Japan. Collections were identified to species in the field
using morphological assessment, and then re-examined in the laboratory with dissecting light
microscopy and thin-layer chromatography (TLC) to confirm or revise identifications made in
the field. TLC was carried out using Solvent C, following the peanut butter jar method
(Lendemer 2011) and with a modified solvent ratio of 200 ml toluene to 30 ml glacial acetic
acid. Of these 68 samples, 22 were determined to be C. rangiferina, along with one C. stygia,
two C. oricola and two C. subtenuis. The remaining 39 samples represented 18 Cladonia species
broadly sampled across the genus, and one outgroup species, Lepraria vovauxii
(Stereocaulaceae). Another seven C. rangiferina and four C. stygia specimens collected between
2012 and 2016 by RTM were borrowed from the Canadian Museum of Nature (CANL), bringing
the total sample size to 79. Sample identifications were confirmed in the same manner as the
other vouchers.

DNA extraction and sequencing
A single podetium from each collection was removed from the sample and pulverized
while dry with a Qaigen DNA Lyser. DNA was then extracted from the pulverized sampled
using a modified CTAB protocol (Doyle and Doyle 1987). DNA yield was quantified using a
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Qubit fluorometer (Thermo Fisher Scientific) and all extracts were standardized to the same
concentration of 4.5 ng/µL. Extracts underwent library preparation and Illumina Next-Seq and
Nova-Seq 150bp paired-end sequencing at Cold Spring Harbor Laboratories and the University
of Wisconsin Biotechnology Center, targeting 40 million reads per sample. Twenty-one total
samples, including two C. rangiferina, one C. subtenuis and the outgroup species received 150bp
paired-end sequencing at the University of Colorado Boulder Biofrontiers Center using Illumina
Hi-Seq, but at a lower target yield.

Mitochondrial and Nuclear Sequence Assembly
Raw reads were paired, trimmed and assembled in Geneious Prime (Geneious Prime
2021). All samples underwent de novo assembly using the Geneious algorithm at low sensitivity.
The resulting consensus sequences were screened for target genes using the annotation function
and a suite of reference sequences (Supplementary Table 5.S1). All 15 mitochondrial gene exons
and rRNA, the ribosomal operon rRNA regions (18S, 28S), the Internal Transcribed Spacer
region (ITS, containing ITS1, 5.8s rRNA and ITS2), β-tubulin, elongation factor 1-α (EF-1α),
DNA replication licensing factor (MCM7), and the large and small subunits of RNA polymerase
II (RPB1, RPB2) were assembled for each sample. Target nuclear genes that were not complete
underwent iterative assembly to reference until the gene was complete, or until the contig could
not be extended further. Resulting contigs were annotated using the reference sequences as an
annotation source. Mitochondrial consensus sequences underwent iterative assembly to reference
until the ends began to repeat, indicating completion and circularization. Five publicly available
Cladonia mitochondrial genomes (C. leporina Accession #NC_039662.1, C. petrophila
NC_039663.1, C. subtenuis NC_039722.1, C. apodocarpa NC_039372.1, and C. peziziformis
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NC_0.39132.1) were used as references for annotations, following slight revision of
inconsistencies in annotation outlined by Hoffman et al. (in prep.). Annotated mitochondrial
genes were then independently extracted so no highly variable and potentially mobile intergenic
space was included in the analyzed data.

Molecular Datasets and Alignment
Two parallel sets of alignments were produced for this study: 1) a broad sampling of
Cladonia species with Lepraria vouauxii included as an outgroup, based on the results of
Stenroos et al. (2002; 2019) (“Cladonia+Lepraria vouauxii” hereafter), was created to examine
the monophyly of clade Crustaceae which contains C. rangiferina and its relatives, and 2) a
restricted sampling of taxa belonging to clade Crustaceae (“Crustaceae” hereafter) which was
created to examine within-clade relationships and monophyly of the focal species (C. oricola, C.
rangiferina, C. stygia). For each parallel set of datasets, separate alignments were created for
each of the nuclear loci (β-tubulin, EF1-α, MCM7, 18s rRNA, 28s rRNA, ITS, RPB1, and
RPB2) while the 15 mitochondrial loci were concatenated in a single alignment and treated as
linked due to shared heritability (Xu and Li 2015). Based on the results of iterations of
phylogenetic analyses to assess potential conflict between loci (see below) the nuclear loci were
then concatenated into an alignment, and the nuclear loci were concatenated with the
mitochondrial loci to form two large complementary datasets with contrasting broad
(Cladonia+Lepraria vouauxii) and restricted (Crustaceae) taxon sampling. Sequences were
compiled in Geneious and auto-aligned using MAFFT (Katoh and Standley 2013). Terminal
regions were trimmed so that the ends of each alignment ended in a uniform, presumably
homologous position, indels larger than 1 codon were excluded, and the alignment was manually
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checked for accuracy. The model GTRGAMMA+I was used for individual and concatenated
locus alignments based on the consistent support for GAMMA+I or +I models in Partitionfinder2
(Lanfear et al. 2017), determined by corrected Akaike Information Criterion (AICc). For
concatenated alignments, Partitionfinder2 was also used to define partitions among loci using the
“greedy” search algorithm.

Phylogenetic Analyses and Species Delimitation
In order to evaluate potential conflict between loci (Mason-Gamer and Kellogg 1996),
phylogenies were inferred using RAxML 8.0.0 (Stamatakis 2014) for each independent nuclear
locus (8 total) and for a single concatenated phylogeny of the 15 mitochondrial loci for the full
dataset of Cladonia+Lepraria vouauxii. The GTRGAMMA+I model of nucleotide substitution
was implemented as it is the most complex model that can be implemented in RAxML and was
strongly represented among the AICc results from in PartitionFinder2 (Supplementary Table
5.S2), and maximum likelihood topology searches were carried out with support evaluated from
1000 rapid bootstrap replicates. Results were visualized in Geneious. Instances of conflict among
nuclear gene trees were noted before they were concatenated and an additional set of analyses
were performed as above. Similarly, instances of conflict were noted between the dataset of
concatenated nuclear loci and the concatenated mitochondrial dataset, before these data were
further concatenated to form a single comprehensive dataset consisting of all 15 mitochondrial
loci and 8 nuclear loci. This dataset was then analyzed in the same manner as above with
partitions defined based on PartitionFinder2 analysis (Lanfear et al. 2017).
Based on the results of the above analyses (see Results below), which supported the
monophyly of Cladonia rangiferina and its relatives in the “Crustaceae” clade of Cladonia, a
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separate series of analyses identical to the above were performed on a parallel series of datasets
pruned to include only the samples recovered in clade “Crustaceae” and with C. uncialis as an
outgroup. The multispecies-coalescent-based program SVDQuartets (Chifman and Kubatko
2015), implemented in PAUP (Swofford 2003), was then also used to infer a phylogeny from all
samples in this dataset, evaluating all possible quartets and iterated over 1,000 bootstraps.
Species delimitations were then also estimated from the Crustaceae dataset using BPP
(Yang 2015), mPTP (Kapli et al. 2017) and bPTP (Zhang et al. 2013). These programs were
selected to represent both coalescent-based (BPP) and phylogenetic divergence-based (mPTP
and bPTP) methods of delimitation. Three different methods of species delimitation were
implemented here to account for potential biases of individual programs; While some studies
have found that BPP may be prone to over-splitting (Hedin et al. 2015), mPTP may also be prone
to lumping species (Blair and Bryson 2017). For BPP, an A11 analysis was run in which the
topology inferred from the RAxML phylogenetic analysis was used to delimit species. Four
iterations of this unguided analysis were performed, using combinations of theta (Ɵ) and tau (t)
priors of 0.01 and 0.001 (as in Košuthová et al. 2020) to test a range of possible divergence times
and population sizes and their impact on species delimitation. These analyses were each
performed using 200,000 MCMC generations, sampling every five generations, and discarding
the first 20,000 samples as burn-in. The most likely tree inferred from RAxML was used as input
for mPTP and bPTP, with both analyses applying maximum likelihood and Bayesian methods.
While mPTP used 100,000,000 MCMC generations and a 10,000,000 burn-in, bPTP used
500,000 MCMC generations with burn-in of 50,000 and thinning of 500. In all analyses, MCMC
generations were checked visually (mPTP, bPTP) or by running three iterations using different
starting seeds and checking for variant results, in accordance with Flouri et al. (2020; BPP) to
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confirm that convergence was reached and that the burn-in value was appropriate. Pairwise
genetic distances were also calculated for the clades recovered by the RAxML phylogeny using
the Tamura-Nei (Tamura and Nei 1993) and uncorrected P-distance models, implemented in
MEGA X (Kumar et al. 2018). Genetic distances were calculated using 1000 bootstraps, the
transitions + transversions substitution model and gamma-distributed rates with invariant sites (G
= 1.00), in accordance with the most supported substitution model in Partitionfinder2 across loci.

5.4 Results
Of the initial 79 samples studied by Hoffman et al. (in prep.), nuclear and mitochondrial
data were assembled for 72 samples of 22 species (Supplementary Table 5.S3). Because one or
more single copy nuclear loci failed to completely assemble for the remaining samples
(predominantly outgroup taxa) they were excluded from further analyses. A total of 22
alignments, including individual and concatenated loci, were generated for this study, between
Cladonia+Lepraria vouauxii and clade Crustaceae datasets. Prior to indel removal, the
alignments of all 15 mitochondrial and eight nuclear concatenated loci totaled 59,563 bp in
length (Supplementary Table 5.S4). Nuclear loci constituted 39,292 bp of this total, indels
constituted 20,856 bp, leaving 38,707 bp for phylogenetic analysis. Alignments in the Crustaceae
dataset totaled 52,700 bp across all nuclear and mitochondrial loci, 32,936 bp of which were
nuclear loci, 12,778 bp were indels, leaving 39,922 bp for phylogenetic analysis.

Phylogenetic Analyses
Phylogenies inferred from the independent loci for the broad Cladonia+Lepraria
vouauxii dataset were largely topologically congruent and differences between topologies were
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uniformly below the support threshold ML-BP <70 except for some relationships in the
mitochondrial and RPB2 phylogenies (Supplementary Figure 5.S1). The phylogeny inferred
from the combined nuclear locus alignment did not disagree with the mitochondrial phylogeny in
major clade relationships. However, relationships some terminal branches exhibited wellsupported incongruencies between the mitochondrial and combined nuclear phylogenies.
Analyses of the Cladonia+Lepraria vouauxii dataset recovered six of the named clades
defined by Stenroos et al. (2019) as monophyletic (i.e., Arbuscula, Cladonia, Crustaceae,
Erythrocarpae, Perviae and Unciales), each with strong support (ML-BP:100; Figure 5.2).
Sequences from vouchers identified as C. rangiferina, C. stygia, C. oricola and C. subtenuis
were all recovered in a single well-supported clade that corresponds to the clade “Crustaceae” of
Stenroos et al. (2019) (Figure 5.2). Members of clade Crustaceae were recovered in three clades;
the earliest diverging contained three of five samples identified as C. stygia (CA-ST-1, 2 and 5;
ML-BP: 100; Figure 5.2). The remainder of clade Crustaceae sequences were resolved in two
clades that were recovered as sister but with poor support (ML-BP: 50): one containing C.
subtenuis and C. oricola which was poorly supported (ML-BP: 38), and one that was strongly
supported containing C. rangiferina together with two samples that had been identified as C.
stygia (CA-ST-7 and SJN-807; ML-BP:100). While the C. subtenuis+C. oricola clade was
poorly supported, each species was recovered as monophyletic with high support (ML-BP:100).
Based on the positions of CA-ST-7 and SJN-807 recovered in the phylogeny we reexamined the
supporting vouchers and confirmed that they represented individuals of C. rangiferina wherein
the basal portions of the podetia were darkened but not conspicuously blackened and completely
melanized as is diagnostic for C. stygia. This phenomenon has been recognized and reported
previously by Kanz et al. (2015).
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Phylogenies inferred from the independent loci of a dataset consisting exclusively of
clade Crustaceae (with C. uncialis as outgroup) exhibited some instances of disagreement among
datasets (Supplementary Figure 5.S1); while the β-tubulin phylogeny recovered the C. oricola
clade nested within some C. rangiferina (ML-BP: 88), the mitochondrial phylogeny recovered
these samples nested in a clade with C. subtenuis (ML-BP:94). Similarly, in the RPB1
phylogeny, C. rangiferina sample RJN-940 was recovered in a clade with C. subtenuis (ML-BP:
96) whereas in the mitochondrial phylogeny it was recovered in a clade with other C. rangiferina
samples (ML-BP:100). Lastly, the C. stygia clade, though consistently monophyletic, was
recovered in multiple locations; resolved in a paraphyletic C. rangiferina clade in the RPB2
phylogeny (ML-BP:80), in a separate clade with C. oricola in the RPB1 phylogeny (MLBP:100), and sister to all C. rangiferina samples in the mitochondrial phylogeny (ML-BP:79).
When all nuclear loci were concatenated, the recovered topology differed from that of the
mitochondrial phylogeny (Figure 5.3): C. rangiferina RJN-940 was recovered as the earliest
diverging member of a clade with C. subtenuis, C. oricola and C. stygia (ML-BP: 84), and C.
stygia was recovered as sister to C. oricola (ML-BP:97), rather than C. subtenuis (ML-BP: 94).
The combined nuclear+mitochondrial phylogeny of Crustaceae recovered each species in
the clade as monophyletic with high support (ML-BP:100, C. rangiferina clade ML-BP:76;
Figure 5.4). The relationships among species however differed from the Cladonia+Lepraria
vouauxii phylogeny, with C. subtenuis resolved as earliest diverging, and C. oricola and C.
stygia resolved as sister (ML-BP:68). The multi-species coalescent-based phylogeny of clade
Crustaceae inferred with SVDQuartets likewise yielded a topology that deviated from RAxML
(Figure 5.5). In this phylogeny, C. stygia and C. rangiferina were resolved as sister, while C.
oricola diverged earlier (Figure 5.6). These relationships were poorly supported, however. As
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with the other phylogenies, all four species were recovered as monophyletic with high support
(ML-BP:100).

Species Delimitation Analysis
A species delimitation analysis of clade Crustaceae with BPP using the topology from
RAxML inferred from the Crustaceae dataset delimited five distinct species that uniformly
correlate with current taxonomic delimitations: C. subtenuis, C. oricola, C. stygia, C. rangiferina
and the outgroup C. uncialis. This result was consistent across all models of Ɵ and t tested, each
with strong support (PP = 1.0; Figure 5.4). Subsequent mPTP delimitation using the RAxML
topology delimited three species as opposed to the five supported in the BPP analysis. While
mPTP supported the delimitation of C. subtenuis and C. uncialis, the analysis resulted in a
combined delimitation of C. oricola, C. rangiferina and C. stygia into one single species. This
configuration of species delimitations was supported across all ten MCMC runs. Species
delimitations differed in bPTP between maximum likelihood and Bayesian analyses; maximum
likelihood bPTP analysis supported three total species, agreeing with mPTP. In contrast,
Bayesian bPTP analysis supported five species in agreement with BPP. Importantly, all
delimitation methods employed here supported the treatment of all samples identified as C.
rangiferina as belonging to the same taxon and did not identify the existence of multiple
potential species among these samples.
Pairwise genetic distances differed significantly between C. rangiferina, C. stygia, C.
oricola and C. subtenuis (Kruskal Wallis test, X2 = 384.215, p < 0.05, df = 3 (Uncorrected P
distance); X2 = 384.845, p < 0.05, df = 3 (Tamura Nei)). Within C. rangiferina, pairwise
uncorrected P genetic distances ranged from 2.290x10-5 to 0.013 (mean = 0.0072, SD = 0.0019),
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while Tamura-Nei distances exhibited a highly similar range (mean = 0.0075, SD = 0.0022).
Pairwise distances for both measures were lower within C. rangiferina compared to C. stygia
(Uncorrected P, mean = 0.0105, SD = 0.0012; Tamura Nei, mean = 0.0106, SD = 0.0013), C.
oricola (Uncorrected P and Tamura Nei, mean = 0.0159, SD = 0.0017; Tamura Nei, mean =
0.0164, SD = 0.0018) and C. subtenuis (Uncorrected P, mean = 0.0170, SD = 0.0013; Tamura
Nei, mean = 0.0175, SD = 0.0014).

5.5 Discussion
Phylogenetic Analyses
A broad phylogenetic analysis across Cladonia using a large mitochondrial and nuclear
dataset recovered the six major clades (Arbuscula, Cladonia, Crustaceae, Erythrocarpae, Perviae
and Unciales) that were previously recovered by Stenroos et al. (2019) and (Hoffman et al. in
prep.). All clades were recovered with strong support. However, the relationship among some
clades, specifically among Crustaceae, Arbuscula, Unciales and the clade containing
Erythrocarpae and Perviae were poorly supported. Of the two aforementioned inferred
phylogenies, the topology recovered here agrees with Stenroos et al. (2019), though the
relationships recovered in that study were also poorly supported. By contrast, the mitochondrialonly phylogeny inferred by Hoffman et al. (in prep.) resolved different topologies, except with
strong support for clade relationships (Figure 5.3). The exclusively nuclear locus phylogeny
resolved clade relationships which matched those of Stenroos et al. (2019) and the combined
nuclear and mitochondrial phylogeny, but again with similarly poor support. These results
indicate the possibility of variation in evolutionary histories between nuclear loci and the
mitochondrion. The relationships among the supported clades remain poorly supported and thus
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the relationships of clades within Cladonia require further study, perhaps with additional data
from the full nuclear genome.

Discordance Among Datasets
Phylogenies inferred from the restricted clade Crustaceae dataset exhibited multiple
incongruences; while C. oricola, C. subtenuis and C. stygia under their present species
delimitations were themselves consistently monophyletic, their position varied across gene trees,
in some cases being resolved within a larger clade of C. rangiferina. Additionally, in one gene
tree, one sample identified as C. rangiferina, RJN-940, was recovered in a supported position
basal to the clades containing these other species, whereas in other trees it was recovered with
other C. rangiferina (Supplementary Figure 5.S1). The RAxML and SVDQuartets phylogenies
also recovered slightly different topologies where the order of divergence of C. oricola, C. stygia
and C. subtenuis varied. In both cases however, these clades were more early diverging than C.
rangiferina.
The discordance among datasets is likely reflected in the conflicting results of the species
delimitation analyses. While BPP considered each clade recovered in the phylogeny a distinct
species, mPTP clustered C. rangiferina with C. oricola and C. stygia. bPTP analyses returned
different delimitation results, with Bayesian bPTP aligning with the BPP delimitation and
maximum likelihood bPTP aligning with mPTP. This discordance may be indicative of differing
evolutionary histories among nuclear and mitochondrial loci, suggesting possible hybridization
and incomplete lineage sorting (ILS) among members of the clade Crustaceae. Although long
suspected to occur, hybridization has only recently been explicitly demonstrated in lichens, and
then only in two genera thus far (Keuler et al. 2020; Ament-Velásquez et al. 2021). However,
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hybridization is ubiquitous and complex across many organismal groups (Schardl and Craven
2003; Schwenk et al. 2008; Soltis and Soltis 2009). It is likely that lichens also experience
frequent outbreeding across species boundaries, especially when they co-occur. In the case of
Cladonia and especially the species studied here, each species strongly overlaps with one another
in both range and habitat, with the thallus of one species often found growing tangled among the
thallus of another. Individual podetia from the same or different species fused together by
hyphae are not uncommon observations (e.g., Figure 5.7). With the degree of physical overlap
and interaction observed in these species, instances of hybridization among taxonomically
distinct species would not be surprising and should be the subject of targeted future study.
Incomplete lineage sorting (ILS) on the other hand, wherein diverging species retain
some genetic signatures of more distant common ancestors, may also explain these results. This
causes species to coalesce at different evolutionary times for different loci, leading to
discordance between gene trees and the species tree (Scornavacca and Galtier 2017). ILS may be
a relevant factor in the evolution of these clades if they have diverged from one another recently
in evolutionary time and maintained high effective population sizes (Ne; Hudson 1983; Pamilo
and Nei 1988; Hibbins et al. 2020). All four species, but particularly C. rangiferina, likely have
expansive Ne, given their wide distributions (Ahti 2000; Brodo et al. 2001; Ahti et al. 2016); and
the Ne of their common ancestor was also likely large. Alternatively, it is also possible that deep
divergences can be affected by ILS if speciation events occur quickly in succession (Suh et al.
2015). As a result, it is possible that some of these loci, affected by ILS, bear ancestral genotypes
in some samples more similar to other species, despite a history of divergence. These two
phenomena are by no means mutually exclusive.
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Likely due to the influence of hybridization and ILS, the mitochondrial and nuclear loci
employed in this study were not effective at elucidating relationships between species in
Crustaceae or among larger infrageneric groups. However, the loci were collectively effective
tools for delimiting these individual species and groups. While future delimitation studies on
these taxa may find these loci effective, a more expansive dataset that broadly samples the
nuclear genome would likely recover a more accurate topology of these currently ambiguous
relationships.

Species Delimitations
While species delimitation programs did not themselves reach a consensus, the results, in
conjunction with the consistent and well-supported monophyly recovered in phylogenetic
inferences and the among-group genetic distances, give further support to C. rangiferina, C.
oricola and C. stygia as separate species under the general lineage species concept (de Queiros
1998; Reeves and Richards 2011). Under the general lineage species concept, species are
considered distinct lineages of independently evolving metapopulations, and confidence in a
species boundary is built upon multiple lines of evidence. In this case, C. rangiferina, C. oricola
and C. stygia are supported by phylogenetic and morphological evidence as distinct species,
adding strength to their current delimitation. Cladonia oricola in particular is further supported
by genetic distances between it and C. rangiferina that compare to those of C. subtenuis, a far
more easily distinguished species.
This study similarly supports that the current diagnostic characteristics for C. oricola and
C. stygia are effective for differentiating them from C. rangiferina, though phenotypic plasticity
is still a problem for routine identification. Our study initially categorized two samples as C.
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stygia, due to their dark, melanized stereome. However, upon review following their wellsupported placement with C. rangiferina, we found these stereomes to be inconsistently
melanized, with the feature somewhat patchily distributed across the base of thalli. Other studies
have similarly struggled to distinguish between C. rangiferina and C. stygia, owing to the
variable melanization of the stereome (Kanz et al. 2015). Similarly, in its original description, the
diagnostic red pycnidial gel in C. oricola was described as inconsistent in fresh and herbarium
specimens (Ahti and Stenroos 2008). Our fieldwork throughout North America and Japan has
confirmed this observation generally, and while diagnostic, pycnidial gel coloration is often
difficult or impossible to observe even in fresh material. Despite difficulties in distinguishing
these taxa in the field or lab, molecular evidence supports all three as distinct. Nonetheless a
large-scale, detailed morphological comparative study, combined with broader, deeper taxon
sampling of other members of clade Crustaceae worldwide is needed.

5.6 Conclusion
The re-examination of long-standing species delimitations with new tools is a critical
process in taxonomy and systematics. Taxonomy is the foundation of many fields and influences
the interpretation of results of other research. Moreover, considerable resources and funds are
devoted to the assessment, conservation and management of species based on boundaries
assigned by taxonomic study. Revisiting and reviewing previous taxonomic assessments ensure
that research and conservation efforts which relate to these species are effective in their goals.
Overall, this study adds further molecular support to current delimitations of C. rangiferina, C.
oricola and C. stygia. At the same time, it has identified specific areas where additional research
is needed and could lead to better understanding of these and other closely related taxa.
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5.7 Figures and Tables
Table 5.S1 - GenBank sequences used as references for assemblies of Cladonia loci and
mitochondrial genomes.

Locus
beta-tubulin
beta-tubulin
EF-1a
EF-1a
MCM7
mitochondrion
mitochondrion
mitochondrion
mitochondrion
mitochondrion
ribosomal operon
RPB1
RPB1
RPB2
RPB2

Species
Peltigera membranaceae
Cladonia rangiferina
Peltigera membranaceae
Cladonia subtenuis
Remersonia thermophila
Cladonia subtenuis
Cladonia petrophila
Cladonia leporina
Cladonia apodocarpa
Cladonia peziziformis
Cladonia rangiferina
Peltigera membranaceae
Cladonia rangiferina
Peltigera membranaceae
Cladonia subtenuis

Accession #
JQ837249
AF458583
JX181771
DQ490105
KF958028
NC_039772
NC_039663
NC_039662
NC_039372
NC_039132
KY119381
JN596954
KT792832
JX181773
DQ522289
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complete or partial
complete
partial
complete
partial
complete
complete
complete
complete
complete
complete
complete
complete
partial
complete
partial

Table 5.S2 - Partitions and best substitution models supported by AICc performed in
Partitionfinder2 for nuclear only and combined nuclear and mitochondrial alignments of
Cladonia+Lepraria and Crustaceae datasets.

Partitions
1
2
3
4
5
6
7
8
9

Cladonia+Lepraria, mitochondrial and nuclear loci
Best Model
Range (bp)
Inclusive Loci
GTR+I+G+X
1-18521
mitochondrion
GTR+I+G+X
18522-20148
beta-tubulin
TRN+I+G+X
20149-21916
EF-1a
TRN+I+G+X
21917-23963
MCM7
TRN+I+X
23964-25734
18s
GTR+I+G+X
25735-29000
28s
SYM+I+G
29001-34272
RPB1
TRN+I+G+X
34273-38166
RPB2
SYM+I+G
38167-38699
ITS

Partitions
1
2
3
4
5
6
7
8

Cladonia+Lepraria, nuclear loci only
Best Model
Range (bp)
GTR+I+G+X
1-1627
TRN+I+G+X
1628-3395
TRN+I+G+X
3396-5442
TRN+I+X
5443-7214
TRN+I+G+X
7215-10479
SYM+I+G
10480-15751
TRN+I+G+X
15752-19645
SYM+I+G
19646-20178

Inclusive Loci
beta-tubulin
EF-1a
MCM7
18s
28s
RPB1
RPB2
ITS

Partitions
1
2
3
4
5
6
7
8

Crustaceae, mitochondrial and nuclear loci
Best Model
Range (bp)
GTR+I+G+X
1-19566
GTR+I+G+X
19567-21198
TRN+I+G+X
21199-22957, 35466-39412
HKY+I+G+X
22958-25003
GTR+I+X
25004-26801
TRN+I+G+X
26802-30077
SYM+I+G
30078-35465
SYM+I+G
39413-39929

Inclusive Loci
mitochondrion
beta-tubulin
RPB2, EF-1a
MCM7
18s
28s
RPB1
ITS

Partitions

Crustaceae, nuclear loci only
Best Model
Range (bp)
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Inclusive Loci

1
2
3
4
5
6
7

GTR+I+G+X
TRN+I+G
HKY+I+G+X
HKY+I+X
TRN+I+G+X
SYM+I+G
SYM+I+G

1-1632
1633-3391, 15900-19846
3392-5437
5438-7235
7236-10511
10512-15899
19847-20363
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beta-tubulin
EF-1a, RPB2
MCM7
18s
28s
RPB1
ITS

Table 5.S3 - GenBank accession numbers for complete mitochondrial genomes and sequences of
beta-tubulin, EF-1a, MCM7, 18s rRNA, 28s rRNA, ITS, RPB1 and RPB2 for all specimens used
in this study (to be added upon submission approval by GenBank).
Genbank Accession Numbers
Genus

Species

Isolate

Collector
R. T.
McMullin
R. T.
McMullin
R. T.
McMullin
R. T.
McMullin
R. T.
McMullin
R. T.
McMullin
R. T.
McMullin
R. T.
McMullin
R. T.
McMullin
R. T.
McMullin
R. T.
McMullin

Collection
Number
17667

Mt
genome

β-tubulin

EF-1α

MCM7

Ribosomal
Operon

RPB1

RPB2

OL989692

OL944509

OL826986

OL694707

OL694633

OM001256

OL963609

OL989695

OL944510

OL826987

OL694710

OL694636

OM001259

OL963610

OL989696

OL944511

OL826988

OL694711

OL694637

OM001260

OL963611

OL989697

OL944512

OL826989

OL694712

OL694638

OM001261

OL963612

OL989698

OL944513

OL826990

OL694713

OL694639

OM001262

OL963613

OL989693

OL944514

OL826991

OL694708

OL694634

OM001257

OL963614

OL989694

OL944515

OL826992

OL694709

OL694635

OM001258

OL963615

OL989699

OL944516

OL826993

OL694714

OL694640

OM001263

OL963616

OL989700

OL944517

OL826994

OL694715

OL694641

OM001264

OL963617

OL989701

OL944518

OL826995

OL694716

OL694642

OM001265

OL963608

Cladonia

rangiferina

CA-R-1

Cladonia

rangiferina

CA-R-2

Cladonia

rangiferina

CA-R-6

Cladonia

rangiferina

CA-R-8

Cladonia

rangiferina

CA-R-9

Cladonia

rangiferina

CA-R-14

Cladonia

rangiferina

CA-R-17

Cladonia

stygia

CA-ST-1

Cladonia

stygia

CA-ST-2

Cladonia

stygia

CA-ST-5

Cladonia

stygia

CA-ST-7

OL989702

OL944519

OL826996

OL694717

OL694643

OM001266

OL963618

Lepraria

vouauxii

FEN-139

J. Lendemer

45983

OL989705

OL944520

OL826997

OL694719

OL694719

OM001327
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Table 5.S4 - Mitochondrial and nuclear locus alignment size for the Cladonia+Lepraria and
Crustaceae datasets before and after indel removal. The number of variable sites per locus after
indel removal are also noted for both datasets.

Cladonia+Lepraria
With Indels
Without Indels
Variable Sites
Crustaceae
With Indels
Without Indels
Variable Sites

mt
β-tubulin
20271
1656
18536
1627
5062
144

EF-1a MCM7
1787 2047
1761 2047
118
707

18s
11530
1771
462

28s
RPB1
12094 5620
3267 5271
193
1862

RPB2
3956
3894
1247

ITS
602
533
247

Total
59563
38707
10042

19764
19580
941

1779
1759
152

9805
1798
76

7756
3276
41

3948
3948
334

572
517
75

52700
39922
2599

1642
1632
202

2046
2046
203
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5388
5366
575

Figure 5.1 - Cladonia rangiferina (A) from Mt. Desert Island, ME, C. oricola (B) from Cape
Cod, MA exhibiting characteristic reddish branchlets, and C. stygia (C) from Mt. Washington,
NH exhibiting characteristic melanized stereome. Photo credits to Tom Walker.
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Figure 5.2 – RAxML phylogeny from a combined mitochondrial and nuclear alignment of 22
Cladonia species. Well-supported branches (ML-BP:75 or higher) are noted in bold.

135

Figure 5.3 – Topologies inferred from a phylogeny of 15 mitochondrial and 8 nuclear loci (top),
from Stenroos et al. (2019) (middle), and a mitochondrial only phylogeny from Hoffman et al.
(in prep.) (bottom). Supported branches are noted in bold. Clades with differing relationships
among trees are noted in grey.
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Figure 5.4 – RAxML phylogeny from a combined mitochondrial and nuclear alignment of
Cladonia rangiferina and allies in clade Crustaceae. Well-supported branches (ML-BP:75 or
higher) are noted in bold. Black bars represent species delimitations from BPP, mPTP and bPTP
analyses. ML = Maximum Likelihood, Bayesian Inference = BI.
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Figure 5.5 - SVDQuartets bootstrap consensus tree from a combined mitochondrial and nuclear
alignment of C. rangiferina and allies in clade Crustaceae. Well-supported branches (ML-BP:70
or higher) are noted in bold.
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Figure 5.6 - Topologies recovered in RAxML (A) and SVDQuartets (B) phylogenies of the clade
Crustaceae. While the species clades are monophyletic and well-supported (ML-BP:75 or
higher), the relationships among them are not.
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Figure 5.7 – Dissecting microscope (A-B) and Scanning Electron Microscope (C-D) images of
hyphal fusions between podetia of the same species (C. rangiferina, A, C) and different species
(C. atlantica and C. subtenuis, B, D).
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Figure 5.S1 - Phylogenies inferred by RAxML for 18s rRNA (A, L), 28s rRNA (B, M), betatubulin (C, N), EF-1a (D, O), ITS (E, P), MCM7 (F, Q), 15 mitochondrial gene exons and
rRNAs (G, R), RPB1 (H, S), RPB2 (I, T), all eight combined nuclear loci (J, U), and all
combined nuclear and mitochondrial loci (K, V) for the Cladonia+Lepraria and Crustaceae
datasets, respectively.
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CHAPTER 6. New data on the East Asian-Eastern North American disjunct Cladonia submitis
reveal the populations are allopatric threatened sister species

6.1 Abstract
The east Asian-eastern North American disjunction is a hallmark of biogeography.
Molecular data have substantially advanced understanding of this, and other classic disjunctions,
for plant and animal taxa. Yet small, sessile organisms such as lichens remain poorly studied
with such methods despite numerous examples of species with strongly disjunct populations.
Study of east Asian-eastern North American lichen disjunctions has also focused on montane
species, rather than species distributed in low-elevation coastal habitats. Cladonia submitis is an
endangered species primarily distributed in coastal northeastern North America. Ecologically
distinct, disjunct populations from Japan that share the unique phenotypic synapomorphies of C.
submitis have been the subject of intermittent taxonomic study since being discovered in 1950.
Here we apply phylogenetic analyses of next-generation sequence data from C. submitis and its
relatives to address fundamental questions about the relationships between the disjunct
populations and their taxonomic status. Multiple phylogenetic and species delimitation analyses
uniformly support the close relationship of the two populations and their status as distinct sister
species. The east Asian population, narrowly distributed in Japan and adjacent Russia is formally
described as C. miyabii and assessed as Vulnerable under IUCN criteria.

6.2 Introduction
The need to understand species distributions has driven researchers for centuries,
including many pioneering 19th century naturalists who repeatedly returned to the topic, working
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to illuminate how biogeography is inextricably tied to the processes now understood to be
evolution (Darwin 1859; Gray 1859; Wallace 1876). Today, there is a wealth of knowledge
about biogeography, and about the interplay between species distributions and evolutionary
histories (MacArthur and Wilson 1967; Hubbell 2001; Cox et al. 2016; Fay et al. 2019; De Kort
et al. 2021). Phylogenetics and population genetics have demonstrated how distributions across
irregular, mosaicked landscapes creates variation in gene flow, structuring genetic diversity, and
sometimes leading to speciation (Wiley 1988; Holderegger and Wagner 2008; Rissler 2016;
Kumar and Kumar 2018). Distributions and their underpinning phenomena are well-studied in
plants and animals (Holderegger et al. 2010; De Kort et al. 2021), which often have welldocumented mechanisms of dispersal and reproduction. However, considerably less is known
about comparatively smaller, albeit still macroscopic, sessile organisms such as lichens, which
have complex dispersal and reproductive strategies (Leavitt and Lumbsch 2016).
Lichens are obligately symbiotic fungi that are ubiquitous in terrestrial habitats
worldwide, where they perform essential roles in maintaining ecosystem health (Ahmadjian
1993; Zedda and Rambold 2015). The diversity and abundance of these organisms, combined
with hypothesized significant evolutionary age and relatively conserved phenotypes, has fostered
more than a century of inquiry into their biogeographic patterns (Culberson 1972; Galloway and
Aptroot 1995; Weber 2003; Feuerer and Hawksworth 2007; Leavitt and Lumbsch 2016). With
few exceptions, lichen species were historically considered to have large, nearly cosmopolitan
distributions, with ranges that spanned multiple continents. This perspective has shifted
dramatically during the last half century as species limits have been revised or recontextualized
with increasingly robust and complex tools (Myllys et al. 2003; Del-Prado et al. 2013; Leavitt
and Fernández-Mendoza 2013a, 2013b; Wei et al. 2017; Garrido-Benavent et al. 2018).
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Advances in analyses of phenotypes led to the recognition of a multitude of overlooked
characters (Asahina and Shibata 1954; Culberson 1969; Elix et al. 1984), and then molecular
data became available to further test and refine phenotype-based hypotheses (Schmitt and
Lumbsch 2004; Crespo et al. 2010; Mark et al. 2019).
These advancements have led to the recognition that most lichen species do not have
continuous, cosmopolitan distributions and that significant barriers to dispersal in terrestrial
systems typically result in reproductive isolation and speciation (Myllys et al. 2003; Leavitt and
Fernández-Mendoza 2013a, 2013b; Garrido-Benavent et al. 2018). Only a small number of
species have been confirmed to have large, nearly continuous intercontinental ranges (e.g.,
Lobaria pulmonaria; Werth 2011, Cladonia uncialis; Stenroos et al. 2019). Instead, most species
are either endemics at varying spatial scales, or have populations that are strongly disjunct (e.g.,
Allen et al. 2018; Garrido-Benavent et al. 2018). To date, few studies have explicitly explored
strongly disjunct lichen populations using molecular data (e.g., Printzen and Ekman 2002;
Otálora et al. 2010; Fernández-Mendoza and Printzen 2013; Bjellend et al. 2017), and these have
predominantly employed commonly used loci in lichen phylogenetics (Hoffman and Lendemer
2018). Even fewer have done so with next-generation sequence data (Lutsak et al. 2020;
Lagostina et a. 2021; Widhelm et al. 2021).
One of the earliest-recognized and most studied disjunctions is that between East Asia
and eastern North America. The biogeographic relationships between these regions were
canonized by the American botanist Asa Gray more than 150 years ago (Gray 1846; 1859) but
were noticed even earlier by Linnaeus (see, Boufford and Spongberg 1983; Wen et al. 2010).
Historically, the land masses were connected through the Beringian land bridge, a relic formation
of the Pleistocene, which facilitated migration and dispersal between the continents (Hopkins et
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al. 2013). Flooding of the land bridge after the Last Glacial Maximum led to isolation and
diversification, sometimes including radiations in one or both divisions of the ancestral range
(Wen 1999). For plants and animals, the east Asian – eastern North American disjunction is
typically observed in pairs or radiations of closely related taxa, rather than singular species (Qian
and Ricklefs 2000; Nie et al. 2007; Zuo et al. 2017). The opposite is true for lichens, many of
which are thought to comprise single species with strongly disjunct populations (Culberson
1972; Miyawaki 1994; Sheard et al. 2017).
Numerous animals (Sanmartín et al. 2001; Durette-Desset et al. 2010; Ren et al. 2013),
plants (bryophytes, Schofield and Crum 1972; Shaw 2001; Gradstein 2018, and vascular plants,
Wen 1999; Manos and Meireles 2015; Xiang et al. 2015), and fungi (Culberson 1972; Wu and
Mueller 1997; Shao et al. 2008), including lichens (Galanina et al. 2011; Sheard et al. 2017)
exhibit an east Asian – eastern North American disjunction. Study of this disjunction in lichens
has focused on species that occur in the Appalachian Mountains of North America (Brodo 2009;
Lendemer et al. 2012). In contrast, taxa that are primarily distributed in coastal low-elevation
habitats have received comparatively little study (e.g., Nelsen et al. 2010).
Cladonia submitis A. Evans is a lichen that both exhibits an east Asian – eastern North
American disjunction and is primarily distributed in coastal areas of eastern North America
where it was considered endemic until discovered in Japan in the 1950’s (Hoffman et al. 2020).
Both populations produce a secondary metabolite (pseudonorrangiformic acid) apparently unique
in lichens, and share an unusual morphology of wilted, coarse podetia unlike any other member
of the genus which includes more than 500 species (Hoffman et al. 2020). Based on their unusual
and distinctive phenotype, the Asian and North American populations of C. submitis have been
hypothesized to be close relatives since the former were discovered nearly a century ago.

166

Nonetheless the taxonomic status of these two populations has been questioned. Ahti (1961) was
the first to suggest the populations were not conspecific, which has been supported by subtle
morphological differences and significant habitat differences (Hoffman et al. 2020).
Here we use new data generated from studies of Cladonia submitis in both Asia and
North America to examine the evolutionary relationships of these disjunct populations and
address their taxonomic status. We confirm there are significant differences in ecology and
subtle differences in morphology between the two populations, and that these correlate with the
results of phylogenetic analyses of 20 molecular loci (15 mitochondrial, 5 nuclear) which
recovered the populations as sister and reciprocally monophyletic. Further, multiple species
delimitation methods support the status of the two populations as distinct, closely related,
species. This study provides a new perspective on the East Asian – eastern North American
disjunction in an important group of symbiotic organisms and reinforces the need to incorporate
population-level molecular studies into conservation assessments of lichens with disjunct
distributions (Allen et al. 2018; Hoffman et al. 2021).

6.3 Methods
Collections, Identification and DNA Extraction
Between 2016 and 2017 populations of C. submitis was surveyed across the core of its
North American range, between New Jersey and Massachusetts, as part of an IUCN conservation
assessment (Hoffman et al. 2020; 2021). During this survey, population-level sampling was
performed for C. submitis at five of these sites, collecting 51 samples of the species in total. In
2019, an additional 45 samples of the species were collected from five total sites within its east
Asian range, in montane habitat in Honshu and Hokkaido, Japan. Samples were identified as C.
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submitis using a combination of morphological assessment in the field and dissecting microscope
in the laboratory, and secondary metabolite assessment using Thin-Layer Chromatography
(TLC). TLC was performed using acetone extracts from thallus fragments, utilizing solvents A,
B’ and C (Culberson & Kristinsson 1970). Microcrystal tests (MCT) were also performed on east
Asian C. submitis with GE solution to examine pseudonorrangiformic acid crystalline structure
(Asahina 1958). An additional 109 herbarium specimens of C. submitis collected from east Asia
were examined at the Tokyo National Museum of Nature and Science herbarium (TNS), using
the methods described above to confirm the species determination. Photos of thalli and podetia
were taken using a Nikon D3300 attached to the trinocular viewer of an Olympus stereo
microscope. Maps of the distribution of the species, including both populations, were made in
QGIS (QGIS development team 2021).
Of the collections made between 2016 and 2017, 14 samples of Cladonia submitis from
Japan and eastern North America underwent DNA extraction and sequencing, seven samples
from each disjunct population. All samples were pulverized dry using a Qiagen Tissue Lyser and
DNA was extracted using a modified CTAB protocol (Doyle 1991). DNA yield was quantified
using a Qubit and standardized to the same concentration of 4.5 ng/µL. Samples were submitted
to Cold Spring Harbor Laboratories and the University of Wisconsin Biotechnology Center for
library preparation and whole genome sequencing. Sequencing was performed on Illumina NextSeq and Nova-Seq machines, producing 150bp paired-end data that targeted 40 million reads per
sample.

Mitochondrial and Nuclear Locus Assembly
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Sample read data underwent de novo assembly in the program Geneious Prime (Geneious
Prime 2021) using the Geneious assembler. Mitochondrial genomes were assembled using
iterative assemblies to reference, outlined in detail in Hoffman et al. (unpublished data, Chapter
3). Exons for the suite of mitochondrial genes and rRNA were extracted from annotated
mitochondria for phylogenetic analysis. Mitochondrial exons were used over complete genes for
mitochondrial loci because of the abundance of horizontally transferred mobile elements
(homing endonucleases) detected there (Pogoda et al. 2018; Bringham et al. 2019; Hoffman et al.
in prep.). Contigs of 8 nuclear genes (18S and 28S rRNA from the ribosomal operon, the Internal
Transcribed Spacer region (ITS, containing ITS1, 5.8s and ITS2), Beta-Tubulin (β-tubulin),
Elongation Factor 1-α (EF1α), DNA replication licensing factor (MCM7), RNA Polymerase
subunit I (RPB1) and subunit II (RPB2) were also assembled from references retrieved from
Genbank (Supplementary Table 6.S1). Nuclear gene contigs were similarly iteratively assembled
until the gene was completely represented in the contig, or until the contig could not be
assembled further. Contigs were assessed for assembly errors visually. If errors were detected,
contigs were separated on either end of the assembly error into two distinct contigs. To eliminate
the error, each contig was expanded using iterative assembly and then assembled again de novo.
Nuclear genes were then annotated using the reference sequences and then extracted from the
contig.

Molecular Datasets and Alignments
A dataset consisting of sequences from C. submitis from east Asia and North America, C.
arbuscula (one from Japan and one from eastern North America), and the outgroup taxon C.
uncialis was produced for this study. Previous studies have consistently found C. submitis and C.
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arbuscula to belong to the same clade Arbuscula, whereas C. uncialis belongs to a more distantly
related clade Unciales (Stenroos et al. (2019); Hoffman et al. in prep.). For this dataset, separate
alignments were created for each locus independently (β-tubulin, EF1- α, MCM7, 18s rRNA, 28s
rRNA, ITS, RPB1, and RPB2; 15 mitochondrial genes were concatenated and treated as linked
due to shared heritability (Xu and Li 2015)). All nuclear loci were also concatenated, and then all
nuclear loci were concatenated with the mitochondrial loci resulting in a total of 11 alignments
(i.e., for each set there were nine individual/linked loci; nuclear concatenated;
nuclear+mitochondrial concatenated). Alignments were compiled and subjected to autoalignment in MAFFT (Katoh and Standley 2013). Terminal regions were trimmed so that the
ends of each alignment ended in a uniform, presumably homologous position. After trimming, all
loci were concatenated. Indels larger than one codon were excluded for all samples before
further analysis and no polymorphisms/uncertainties were present in any of the alignments.
Partitions were defined for concatenated alignments independently based on AICc results
obtained in Partitionfinder2, using the “greedy” algorithm, prior to phylogenetic analysis
(Supplementary Table 6.S2).

Phylogenetic Analysis and Species Delimitation
To evaluate potential conflict between loci (as defined by Mason-Gamer and Kellogg 1996),
phylogenies were inferred using RAxML 8.0.0 (Stamatakis 2014) for each independent nuclear
locus (8 nuclear loci total) and for the combined 15 mitochondrial loci. The GTRGAMMA+I
model of nucleotide substitution was implemented as it is the most complex model available in
RAxML 8.0.0 and was well-represented among the optimal models selected by AICc in
PartitionFinder2 (Supplemental Table 6.S1). Maximum likelihood (ML) topology searches were
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carried out with support evaluated with 1000 rapid bootstrap replicates. Results were visualized
in Geneious. Instances of conflict among nuclear gene trees were noted before they were
concatenated and an additional set of analyses were performed as above. Similarly, instances of
conflict were noted between the dataset of concatenated nuclear loci and the concatenated
mitochondrial dataset, before these data were further concatenated to form a single
comprehensive dataset consisting of all 15 mitochondrial loci and 8 nuclear loci. This dataset
was then analyzed in the same manner as above with partitions defined based on PartitionFinder2
analysis (Lanfear et al. 2017). The full nuclear and mitochondrial concatenated alignment was
then used to infer a multi-species coalescent-based phylogeny of all samples with SVDQuartets
(Chifman and Kubatko 2014), implemented in PAUP* (Swofford 1998). All possible quartets
were evaluated, and 1000 bootstraps were used to assess node support.
The delimitation programs BPP (Yang 2015), mPTP (Kapli et al. 2017) and bPTP (Zhang
et al. 2013) were used to delimit the total number of species in the data. Three different methods
of species delimitation were implemented here to account for potential biases of individual
programs; While some studies have found that BPP may be prone to over-splitting (Hedin et al.
2015), mPTP may also be prone to lumping species (Blair and Bryson 2017). In BPP, species
delimitation was performed using the A11 method, with species groups assigned a priori based
on the clades recovered in RAxML and SVDQuartets. Four iterations of BPP were performed,
using combinations of theta (Ɵ) and tau (t) priors of 0.01 and 0.001 (similar to Košuthová et al.
2020) to test a range of possible divergence time and population size priors. An A00 BPP
analysis was also performed to estimate Ɵ and t values among species estimated by the A10
analysis. Analyses used an MCMC sampling number of 200000, a burn-in of 20000, and a
sampling frequency of five. Both maximum likelihood and Bayesian methods were applied to
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mPTP and bPTP species delimitation. Species delimitation was performed in mPTP using 10
MCMC runs with 100,000,000 generations and a burn-in of 10,000,000. An MCMC of 500,000,
burn-in of 0.1 and a thinning of 500 was used for bPTP analysis. The convergence of MCMC
generations was visually assessed for mPTP and bPTP analyses. BPP analyses were run over
three iterations using different starting seeds and checking for variant results, in accordance with
Flouri et al. (2020), to confirm that convergence was reached and that the burn-in value was
appropriate. The most likely tree inferred by RAxML from the combined mitochondrial and
nuclear loci was used as input for both mPTP and bPTP analyses. Within and among-group
genetic distances were also calculated for the clades recovered by the RAxML phylogeny using
the Tamura-Nei (Tamura and Nei 1993) and uncorrected P-distance models, implemented in
MEGA X (Kumar et al. 2018). Genetic distances were calculated using 1000 bootstraps, the
transitions + transversions substitution model and gamma-distributed rates with invariant sites (G
= 1.00), in accordance with the most supported substitution model in Partitionfinder2 across loci.

6.4 Results
A complete suite of mitochondrial and nuclear genes was successfully assembled for a
total of 14 Cladonia submitis samples, seven from each disjunct population (Supplementary
Table 6.S3). An additional two samples of the closely related species C. arbuscula, and one C.
uncialis sample as an outgroup, were also successfully assembled. Phylogenies inferred from the
independent loci were largely topologically congruent and differences between major clade
relationships were uniformly below the support threshold ML-BP <70 (Supplementary Figure
6.S1). However, within these major clades, relationships among some terminal branches
exhibited well-supported incongruencies between the mitochondrial and combined nuclear
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phylogenies. Once nuclear loci were concatenated, there were no instances of supported
disagreement between topologies of the mitochondrial and nuclear phylogenies.
Both concatenation and coalescent-based phylogenetic methods inferred largely the same
topology and major clades, albeit with variable levels support. The RAxML phylogeny resolved
sequences of C. submitis as two distinct and strongly supported clades (ML-BP:100; Figure 6.1).
These clades corresponded to the two disjunct populations (East Asia and eastern North
America), which were recovered as sister with strong support (ML-BP:100). Unlike the North
American clade, relationships among samples in the east Asian clade were well-supported (five
of six relationships exceeding ML-BP:85), with longer branches than those in the North
American clade. The SVDQuartets quartets analysis similarly recovered North American and
east Asian C. submitis populations as distinct, strongly supported clades (ML-BP:100) that were
sister (ML-BP:75; Figure 6.2).

Species Delimitation and Genetic Distances
All four iterations of species delimitation analysis in BPP (analysis A11) supported each
of the clades recovered in the RAxML and SVDQuartets phylogenies as distinct species (PP =
1.00; Figure 6.1). A00 analysis estimated average Ɵ to range between 0.424 x 10-3 to 1.056 x 103

among called species, excluding the single outgroup representative C. uncialis. Divergence

times (t) were less variable, ranging between 0.367 x 10-3 and 0.395 x 10-3. mPTP supported the
results of BPP, delimiting all four clades to be separate species, including the two disjunct
populations of C. submitis. The results of bPTP were similar, except that it further delimited the
two representatives of C. arbuscula as separate species.
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Tamura-Nei genetic distance among taxonomic groups ranged from 0.0092 (C. arbuscula
– C. submitis North American population) to 0.0402 (C. uncialis – C. submitis east Asian
population; Table 6.1). While the distance among taxonomic groups paired with the outgroup
were highest, distances among groups within clade Arbuscula were very similar, between 0.0092
and 0.0095. Intraspecific genetic distances were lower than interspecific distances; North
American C. submitis populations exhibited a range from 0.0009 to 0.0016 (mean = 0.0009, SD
= 0.0004) and east Asian populations exhibited larger intraspecific genetic distances, ranging
from 0.0017 to 0.0051 (mean = 0.0038, SD = 0.0009; Table 6.2). Intraspecific and interspecific
uncorrected P-distances were similar to Tamura-Nei distances, with the distances between the
outgroup C. uncialis and other species ranging between 0.0353 and 0.0378, and distances among
the other clades ranging between 0.0090 and 0.0093 (Table 6.1).

Discussion
Concatenation and coalescent based phylogenies both recovered sequences of samples
identified as C. submitis in two distinct, strongly supported, sister clades that correlate to
geographic distribution. At the same time, all three species delimitation approaches uniformly
delimited the two clades of C. submitis as distinct species. Genetic distances also support these
conclusions, with the two populations exhibiting a genetic distance nearly equal to their
respective distances to the nearest studied relative, C. arbuscula (Table 6.2). Hence our results
indicate that while phenotypically nearly identical, the disjunct populations of C. submitis are
genetically distinct and should be treated as distinct species. The name C. submitis applies to the
North American population, native to coastal sandy exposures in pine barrens and stable dunes
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(Evans 1943; Hoffman et al. 2020). As such, we here formally describe the east Asian
population, native to alpine habitats, as C. miyabii (Figure 6.3).
Cladonia submitis is one of many lichens with an east Asian-eastern North American
disjunction (Culberson 1972; Galanina et al. 2011; Sheard et al. 2017). The distributions of these
species are likely shaped by similar factors, including geological processes which may function
as barriers to gene flow. The diversity within C. submitis found in this study is not the only such
example; similar evolutionary diversity has been found in other species with different disjunct
distributions (Leavitt and Fernández-Mendoza 2013a, 2013b; Garrido-Benavent et al. 2018).
This suggests that other disjunct populations considered to represent the same species based on
unique suites of shared phenotypic characters may in fact comprise multiple, closely related
allopatric taxa that merit formal recognition.
While this study sheds new light on the distribution of an unusual set of disjunct
Cladonia species (C. miyabii and C. submitis), understanding of the patterns and processes that
underly this distribution remains incomplete. Further study of clade Arbuscula with increased
taxonomic sampling of all known representatives within the clade, and with sampling throughout
their ranges, would provide an ideal system in which to study contrasting distributions. Indeed,
species such as C. arbuscula and C. mitis Sandst. are widespread in many areas of both
hemispheres, with large, continuous distributions in boreal regions (Ahti 1961).

Taxonomic Section
Cladonia miyabii J.R.Hoffm., Lendemer & Ohmura sp. nov.
Mycobank # XXXX (to be added after submission)
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Type. – JAPAN, HOKKAIDO: Prov. Tokachi, Minami-numa Campsite, Mt. Tomuraushi, Daisetsu
Mts, Shintoku-cho, Kamikawa-gun, rocky exposed slope with patchy mats of lichen, mosses and
dwarfed shrubs, 1970 m, 28 Aug 2019, J. Hoffman 740 & Y. Ohmura (TNS!, holotype; NY!,
isotype).

Diagnosis. - Similar to Cladonia submitis but differing in thinner and less coarse podetia, and
occurrence in East Asia, primarily in montane high elevation habitats. Similar to C. mitis but
differing in more coarse, prostrate podetia, thicker combed terminal branches and the presence of
pseudonorrangiformic acid.

Description. - Primary thallus not seen, presumed crustose, secondary thallus fruticose, shrublike, without lichenized diaspores; podetia ecorticate, frequently branching, erect to prostrate,
loosely aggregated, yellowish green, homogenously colored, [0.8-](1.2-)1.5(-1.9)[-3.0] mm thick
(n=97), axils open, with infrequent terminal branchlets erupting from lower portions of the main
branches; apothecia not observed; pycnidia abundant, brown, terminal at podetial tips and
infrequently from lower podetia; photobiont Asterochloris.

Chemistry. – Thin Layer Chromatography of all specimens examined detected usnic acid,
pseudonorrangiformic acid (Figure 6.4), and an unknown chemical (UV 256nm visible, RF class
1 for solvent A, RF class 4 for solvent B’, RF class 2 for solvent C). Occasional isousnic acid was
also detected. In a single specimen (SUBJ-967), rangiformic acid was detected in high
concentrations while pseudonorrangiformic acid was detected in low concentrations. Spot tests
of the podetial surface: K-, C-, KC+ yellow, Pd-, UV-.
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Etymology. – The epithet “miyabii” references the Japanese aesthetic concept of miyabi and
honors the nation of Japan, where the majority of the population of species occurs from where
the type was collected. Often translating to elegance, courtliness or refinement, miyabi is an
artistic ideal that is difficult to qualify (Hume 1995). While miyabi reflects the qualities of many
things, the concept is sometimes reflected in minute, beautiful details of the natural world. In this
way, we believe the new species displays the concept of miyabi; restricted only to mountain
peaks and growing intermixed with many other species, it can be easily mistaken for other
species at first glance. It was only through careful study of subtle phenotypic details and
genotypic differences with a discerning eye that the species was differentiated from its close
relative C. submitis.

Ecology and Distribution. – Cladonia miyabii is known from 52 sites in Japan (Honshu and
Hokkaido) and one site in Sakhalin Island, Russia, represented by 149 collections (Figure 6.5).
At the type locality the species was found living in mixed mats with other Cladonia species (C.
arbuscula, C. kanewskii, C. maxima, C. rangiferina C. squamosa, C. uncialis) on exposed noncalcareous rock or layers of humus atop rock at high elevation. The species is mostly restricted to
montane habitats and all but two occurrences are from sites over 1000 meters in elevation. More
than 95% of all records of C. miyabii are from Japan, with only nine collections from Sakhalin
Island, all collected between 1926 and 1932. While the distribution of this species is
comparatively well-documented in Japan, it is likely that its range in Sakhalin Island is still
poorly understood and may expand with increased sampling in the region.
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Conservation Status. – Cladonia miyabii is strongly associated with exposed, high elevation,
alpine ecosystem in Japan and Sakhalin Island, Russia. Many montane species are threatened by
elevational range shifts, increased isolation from range contraction, and declines in habitat
suitability due to climate change, ultimately leading to mountaintop extinction (Colwell et al.
2008; Gottfried et al. 2012; Urban 2018). Range shifts have already been documented in plants
(Kreyling et al. 2010; Bertrand et al. 2011; Dullinger et al. 2012), animals (Galbreath et al. 2009;
Rowe et al. 2010; Freeman et al. 2018) and fungi (Yan et al. 2017; Diez et al. 2020). Such shifts
have also been projected for other high elevation lichen endemics (Allen & Lendemer 2016) and
it is highly like that C. miyabii faces similar threats.
Alpine plant and fungal communities are also uniquely adapted to the open, exposed
environments where they occur and can become rapidly extirpated or fragmented through
encroachment of lower elevation vegetation (Jurasinksi and Kreyling 2007). Encroachment from
subalpine plants is already well-documented in Japan in the habitat where the species occurs
(Tanaka et al. 1998; Kudo 2016), with some taxa projected to shift upwards by nearly 300 meters
by 2100 (Ogawa-Onishi et al. 2010). Cladonia species form extensive, long-lived, multi-species
communities in many habitats where vascular plant growth is minimized (Auclair and Rencz
1982; Crittenden 1991; Shaver and Chapin 1991). These communities have been demonstrated to
be extremely sensitive to changes in climate (Reed et al. 2016; Ladrón de Guevara et al. 2018;
Maliniemi et al. 2018) and easily displaced by encroachment from vascular plants (Vanneste et
al. 2017). Remote sensing data and other studies suggest this phenomenon is already acute in the
arctic (Cornelissen et al. 2001; Joly et al. 2009; Fraser et al. 2014; Vuorinen et al. 2017). The
mixed Cladonia communities in which C. miyabii occurs are hence threated by encroachment
from subalpine vegetation.
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The species is known from a total of 51 sites, of which 44 are presumed extant. At seven
historical sites the species was not relocated after revisitation, suggesting that it has been
extirpated from a minimum of 14% of sites within the last 70 years. Using default parameters,
the current Area of Occupancy (AOO) of C. miyabii is 184 km2 and the Extent of Occurrence
(EOO) is 301,835 km2. Based on our field studies, we estimated that each site where the species
occurs hosts approximately the same number of individuals and thus inferred a past decline of
14% of the population due to the known instances of extirpation. We similarly suspect a future
loss of 15-30% of the population within the next 70 years due to declines in EOO and AOO as a
result of climate change induced range shifts and declining habitat quality. Based on the above,
the species should be assessed as Vulnerable under IUCN Red List criterion A4c (IUCN 2021).

Similar species. – Due to its unique thallus morphology and chemistry Cladonia miyabii is
unlikely to be confused with any species other than C. submitis. This is evidenced by the fact that
C. miyabii was initially identified as C. submitis when it was first discovered in Japan and
continued to be discussed in connection with C. submitis despite occupying very different habitat
and bearing subtle morphological differences (Hoffman et al. 2020). Chemically the most similar
Cladonia species is C. mitis Sandst., which is sympatric with C. miyabii in Japan (Kurokawa and
Kashiwadani 2006). Cladonia mitis differs from C. miyabii in having slightly thinner and more
numerous terminal branchlets, with podetia and branchlets held erect (Ruoss 1987; Myllys et al.
2003). Importantly, C. mitis has been studied extensively throughout its range and been reported
to produce rangiformic acid in high concentrations, but never pseudonorrangiformic acid
(Asahina 1958; Thomson 1967). Pseudonorrangiformic acid is a rare metabolite in lichens, only
known from C. submitis and reportedly some samples of the more distantly related C. stellaris
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(Evans 1955), until the description of C. miyabii. We did encounter one specimen of C. miyabii
that produced rangiformic acid, however this was as an accessory to pseudonorrangiformic acid,
and the identification as C. miyabii based on morphology was corroborated by molecular data.
This does nonetheless suggest that care should be taken when examining material of C. mitis
from within the range of C. miyabii. Occasional forms of C. arbuscula can also develop thick,
coarse, roughened podetia that superficially resemble those of C. miyabii. However, these do not
have the wilted appearance and creeping growth of C. miyabii and can readily be distinguished
by spot test, since C. arbuscula produces fumarprotocetraric acid (Pd + red).

Additional Specimens Examined
JAPAN. HOKKAIDO Prov. Hidaka, Mt. Poroshiri, on ground, elevation 1800-2000 m, 26 Jul. 1971,
Z. Iwatsuki 7126 (TNS); Mt. Horoshiri, elevation about 1700 m, 25 Jul. 1971, S. Kurokawa (TNS).
Prov. Iburi, Mt. Nisekoan-nupuri, Abuta-gun, elevation about 1150 m, 20 Sept. 1979, H.
Kashiwadani 15570 (TNS). Prov. Ishikari, Mt. Teine? 1964, Y. Endo (TNS). Mt. Yubari, 15-19
Jul. 1916, H. Koidzumi 71315 (TNS). Mt. Ashibetsu, 28-30 Jun. 1917, H. Koidzumi 71337 (TNS).
25 Jul. 1935, Y. Asahina 31352 (TNS). 26 Jun. 1935, Y. Asahina 31353, 31354 (TNS). Mt.
Furano-dake, Tokachi Mts., on soil, elevation about 1910 m, 7 Aug. 1980, H. Shibuichi 6231,
6232 (TNS). Mt. Tomuraushi. 31 Jul. 1935, F. Fujikawa 31355, 31356 (TNS). Mt. Tomuraushi,
Daisetsu Mts., elevation about 1800 m, 19 Jul. 1969, M. Togashi 31361, 31362, 31363 (TNS).
Mt. Tomuraushi, Daisetsu Mts., elevation about 1850 m, 6 Aug. 1980, H. Kashiwadani 16368 &
Y. Endo (TNS). Mt. Tomuraushi, Daisetsu Mts., Shintoku-cho, On soil, elevation about 1300 m,
29 Jul. 1994, H. Shibuichi 9654 (TNS). Mt. Tomuraushi, Daisetsu Mts., Shintoku-cho, on soil,
elevation about 1850 m, 28 Jul. 1994, H. Shibuichi 9644 (TNS). Mt. Tomuraushi, Daisetsu Mts.,
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Shintoku-cho, on soil, elevation about 1950 m, 28 Jul. 1994, H. Shibuichi 9598 (TNS).
Takanegahara, Daisetsu Mts., elevation about 1750 m, 5 Aug. 1980, H. Kashiwadani 16272 & Y.
Endo (TNS). Mt. Daisetsu National Park, on earth, elevation about 2000 m, 23 Aug. 1971, I.
Yoshimura 12488a (TNS). Mt. Daisetsu, 25-30 Aug. 1916, H. Koidzumi 71293 (TNS). Mt.
Daisetsu, 28-30 Jul. 1917, H. Koidzumi (TNS). Mt. Daisetsu, 10 Aug. 1932, F. Fujikawa 31350,
31351 (TNS). Mt. Hokkai-dake, Daisetsu Mts., 26 Jul. 1937, Y. Asahina (TNS). Daini-Hanazono
on Mt. Aka-dake, Daisetsu Mts., elevation about 1800 m, 21 Sept. 1964, Y. Endo 358 (TNS).
Hananosawa Mt. Koizumi, Daisetsu Mts., 20 Aug. 1925, H. Koidzumi 71882 (TNS). Mt. Kurodake, Daisetsu Mts., 11 Jul. 1964, Y. Satake 18 (TNS). Mt. Antaromadake, Mt. Daisetsu National
Park, on earth, ca. 2000 m alt., 23 Aug. 1971, I. Yoshimura 12488a (I. Yoshimura: Lichenes
Japonici Exsiccati 13) (TNS). Shioya Hot Spring, Daisetsu Mts., 23 Aug. 1926, H. Koidzumi
71946, 71947 (TNS). Prov. Kitami, Mt. Shyanai-Sando, Esashi-gun, Among mosses on soil,
elevation about 30 m, 6 Aug. 1983, H. Shibuichi 7448 (TNS). 2 km north-east Hamatonbetsu,
Esashi-gun, elevation about 2 m, 18 Aug. 1970, K. Tahahashi 1174 (TNS). Mt. Rishiri, Rishiri
Island, elevation about 1700 m, 12 Aug. 1970, S. Kurokawa 70693 (TNS). K. Takahashi 926
(TNS). 2 Aug. 1983, H. Shibuichi 7342 (TNS). Prov. Kushiro, Mt. O-Akan, elevation about 1320
m, 29 Aug. 1965, S. Kurokawa 65617 (TNS). Prov. Nemuro, Mt. Mitsumine, 20 Jul. 1959,
Biological Exploration Society of Yokohama 5911b (TNS). Mt. Rausu, elevation about 1500 m, 5
Jul. 1970, M. Togashi 31344, 31345, 31346, 31347 (TNS). Poromoi Pond, 25 Jul. 1959,
Biological Exploration Society of Yokohama 31342 (TNS). 26 Jul. 1959, Biological Exploration
Society of Yokohama 31343 (TNS). Prov. Tokachi, Mt. Tomuraushi, Daisetsu Mts, Shintoku-cho,
Kamikawa-gun, Along trail heading to Minami-numa campsite near peak, 27 Aug. 2019, J.
Hoffman 709, 710, 712 & Y. Ohmura (NY). Mt. Tomuraushi, Daisetsu Mts, Shintoku-cho,
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Kamikawa-gun, elevation 1850 m, 27 Aug. 2019, J. Hoffman 716 & Y. Ohmura (NY). Mt.
Tomuraushi, Daisetsu Mts, Shintoku-cho, Kamikawa-gun, Minami-numa Campsite, elevation
1970 m, 28 Aug. 2019, J. Hoffman 726, 728, 729, 736, 737, 738, 739, 740, 741, 742, 747, 749,
750, 819 & Y. Ohmura (NY). Mt. Tomuraushi, Daisetsu Mts, Shintoku-cho, Kamikawa-gun,
around Kita-numa, elevation 2020 m, 28 Aug. 2019, J. Hoffman 762, 764, 765, 766, 768, 771,
775, 780 & Y. Ohmura (NY). Mt. Tomuraushi, Daisetsu Mts., Shintoku-cho, Kamikawa-gun,
around Minami-numa Campsite, elevation 1930 m, 29 Aug. 2019, J. Hoffman 785, 803, 805,
808, 813, 814, 815, 816, 817 & Y. Ohmura (NY). Lake side of Komadome-ko, Kato-gun, 29 Jun.
1970, M. Togashi 31348, 31349 (TNS). HONSHU: Prov. Echigo, on summit of Mt. Naeba, 17 Aug.
1957, S. Kurokawa 57174, 57176 (TNS). Mt. Iide, en route from Mt. Mikuni to the summit of Mt.
Iide, elevation about 1850-2100 m, 31 Jul. 1971, H. Kashiwadani 9236 (TNS). Prov. Etchu, Mt.
Tateyama, 21 Aug. 1935, M. Nishijima (Herb. Y. Asahina 35821) (TNS). Toyama pref. along the
trail between Murodo and Ichinokoshi, Tateyama Mts, Tateyama-machi, Nakaniikawa-gun, on
humus; elevation 2680 m, 4 Oct. 2019, J. Hoffman 928, 939, 941 & Y. Ohmura (NY). Mt.
Oyama, Tateyama Mts., Tateyama-machi, Nakaniikawa-gun, on humus, elevation 2890 m, 5
Oct. 2019, J. Hoffman 967, 969, 970, 971, 973 & Y. Ohmura (NY). Mt. Yari-dake, Shirouma
Mts., Shimoniikawa-gun, on soil, elevation about 2800 m, 5 Aug. 1982, H. Shibuichi 7119 (TNS).
Mt. Shirouma-dake, Shimoniikawa-gun, on soil, elevation about 2700 m, 6 Aug. 1982, H.
Shibuichi 7150 (TNS). Prov. Iwashiro: Mt. Iegata, Azuma Mts., 24 Jul. 1958, S. Kurokawa 58162
(TNS). Azuma Lodge, Azuma Mts., 24 Jul. 1958, S. Kurokawa 58135 (TNS). Fukushima pref.
around Bonten-iwa, Azuma Mts., Kitashiobara-mura, Yama-gun, on soil, elevation about 2000
m, 23 Aug. 1995, Y. Ohmura 2100 (TNS). Prov. Kozuke, On the summit of Mt. Shibutsu, 16 Jul.
1950, Y. Asahina (TNS). Gunma pref. en route from summit of Mt. Shibutsu to Yamanohana
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Lodge, Ozegahara, Katashina-mura, Tone-gun, elevation about 2100 m, 9 Oct. 2001, M. Inoue
30373 (TNS). Oze, 20 Jul. 1950, Y. Ikoma 5332 (TNS). Prov. Musashi, Mt. Sanpoh, Chichibu-gu,
on rock (granite), elevation about 2480 m, 2 Aug. 1974, H. Shibuichi 4968 (TNS). Karisaka Pass,
Ohtaki-mura, Chichibu-gun, on soil, elevation about 2100 m. 28 Jul. 1966, H. Shibuichi 1092.
(TNS). Pass, Chichibu-gun, on soil, elevation about 2050 m, 2 Aug. 1973, H. Shibuichi 4841 (S.
Kurokawa & H. Kashiwadani: Lichenes Rariores et Critici Exsiccati 217) (TNS). Karisaka Pass,
Chichibu-gun, 2 Aug. 1973, H. Shibuichi 4841. (TNS). Prov. Mutsu, Aomori pref. Mt. Ido-dake,
Hakkoda Mts., elevation about 1500 m, 4 Aug. 1985, K. Sasaki 7554b (TNS). Mt. Ido-dake,
Hakkoda Mts., elevation about 1500 m, 4 Aug. 1985, K. Sasaki 7554 (TNS). Mt. Ootake,
Hakkoda Mts., elevation about 1600 m, 15 Aug. 1985, K. Sasaki 7184 (TNS). Prov. Rikuchu, Mt.
Yakeishi, Isawa-gun, elevation about 1450 m, 26 Aug. 1983, H. Kashiwadani 20323 (TNS). Mt.
Hayachine, 3 Aug. 1931, H. Koidzumi (TNS). 7 Aug. 1931, H. Koidzumi (TNS). On summit of
Mt. Hayachine, elevation about 1900 m, 3 Sept. 1959, S. Kurokawa 59338 (TNS). Kodomaguchi, Mt. Hayachine, elevation about 1300-1900 m, 1 Sept. 1959, S. Kurokawa 59287 (TNS).
Mt. Hayachine, Hienuki-gun, en route from Dake to Mt. Hayachine via Mt. Keito, elevation
about 1800 m, 10 Aug. 1971, H. Kashiwadani 8942 (TNS). Mt. Hayachine, Hienuki-gun, on soil,
elevation about 1900 m, 29 Jul. 1987, H. Shibuichi 8229, 8277, 8317 (TNS). Mt. Iwate, 26 Jul.
1919, G. Toba 19 (TNS). Mt. Ganju, 29 Jul. 1928, G. Toba 115 (TNS). Mt. Iwate, 30 Jul. 1930, S.
Murai (Herb. Y. Asahina 30700) (TNS). Prov. Shinano, Mt. Shiomi-dake, Shiomi-gun, on soil,
elevation about 2800 m, 25 Jul. 1981, H. Shibuichi 6412 (TNS). Mawarime-daira, Kawakamimura, Minamisaku-gun, on soil, elevation about 1600 m, 13 Jul. 1993, H. Shibuichi 9297 (TNS).
Azusashiraiwa, en route from Mikuni Pass to Jumonji Pass, Minamisaku-gun, on rock, elevation
about 1800 m, 9 Dec. 1996, H. Kashiwadani 44655 (TNS). Mt. Amida-dake, Yatsugatake Mts.,
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Chino-shi, on soil, elevation about 2800 m, 14 Oct. 1956, H. Shibuichi 8829 (TNS). Mt. Amidadake, Yatsugatake Mts, Chino-shi, elevation about 2800 m, 6 Aug. 1990, H. Shibuichi 8829
(TNS). Mt. Ioh-dake, Yatsugatake Mts., Chino-city, on soil, elevation about 2700 m, 9 Aug. 1988,
H. Shibuichi 8442 (TNS). Mt. Yatsugadake, Suwa-gun, elevation about 2700 m, 2 Aug. 1966, H.
Kashiwadani 768 (TNS). Mt. Norikura, Shirouma Mts., 22 Aug. 1936, Y. Asahina 31374 (TNS).
10 Aug. 1939, Y. Asahina 31375 (TNS). Mt. Tadeshina, 10 Aug. 1951, S. Kurokawa 51812
(TNS). Mt. Jyonen-dake, Minamizaumi-gun, among mosses on rock, elevation about 2700 m, 25
Jul. 1978, H. Shibuichi 5819 (TNS). Tenguppara, Shirouma Mts., 14 Oct. 1956, I. Yoshioka
31376 (TNS). Tenguppara, en route from Shirouma to Oike, 5 Aug. 1957, Y. Asahina 57805
(TNS), (Y. Asahina: Lichenes Japoniae Exsiccati 230) (TNS). RUSSIA. SAGHALIEN: Sakaehama, 15
Jun. 1926, S. Otagiri 31378 (TNS). 14 Jul. 1930, M. Nuno 31379 (TNS). 24 Aug. 1930, S. Otagiri
77a (TNS). 8 Oct. 1930, M. Nuno 31381 (TNS). 2 Jul. 1932, Y. Asahina 31382 (TNS). 19 Jul.
1932, Y. Asahina 31383 (TNS). 21 Jul. 1932, Y. Asahina 31384, 31385 (TNS). 29 Jul. 1932, M.
Nuno 31386 (TNS).

6.6 Conclusion
To date, few lichens with disjunct distributions have been investigated to the extent of C.
submitis in this study. The evolutionary diversity of these species and how that diversity is
distributed across vast, interrupted distributions is still poorly understood with the exception of a
small number of other taxa (Leavitt and Fernández-Mendoza 2013a, 2013b; Garrido-Benavent et
al. 2018). Given the longstanding interest in lichen biogeography and the large number of species
with disjunct distributions, the relative lack of study is surprising, especially considering the
application of next-generation sequencing methods to address similar questions in other
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organismal groups. We assert understanding of the patterns and processes that underly disjunct
lichen distribution is urgently needed not only to better incorporate these fungi into
biogeographic studies but to inform effective conservation management for these species in an
era of rapid global change.
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6.7 Figures and Tables
Table 6.1 - Uncorrected P (bottom) and Tamura Nei (top) pairwise genetic distances among
samples of C. submitis from east Asia and North America, as well as C. arbuscula and C.
uncialis (outgroup taxon).
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Table 6.2 - Uncorrected P (bottom) and Tamura Nei (top) pairwise genetic distances among four
clades recovered by phylogenetic inference; Cladonia uncialis, C. arbuscula, the east Asian
population (EA) of C. submitis, and the North American (NA) population of C. submitis.
C. uncialis

C. submitis (NA)

C. submitis (EA)

C. arbuscula

C. uncialis

-

0.0383

0.0402

0.0374

C. submitis (NA)

0.0361

-

0.0095

0.0092

C. submitis (EA)

0.0378

0.0093

-

0.0094

C. arbuscula

0.0353

0.0090

0.0093

-
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Table 6.S1 - GenBank sequences used as references for assemblies of Cladonia loci and
mitochondrial genomes.
Locus
beta-tubulin
beta-tubulin
EF-1a
EF-1a
MCM7
mitochondrion
mitochondrion
mitochondrion
mitochondrion
mitochondrion
ribosomal operon
RPB1
RPB1
RPB2
RPB2

Species
Peltigera membranaceae
Cladonia rangiferina
Peltigera membranaceae
Cladonia subtenuis
Remersonia thermophila
Cladonia subtenuis
Cladonia petrophila
Cladonia leporina
Cladonia apodocarpa
Cladonia peziziformis
Cladonia rangiferina
Peltigera membranaceae
Cladonia rangiferina
Peltigera membranaceae
Cladonia subtenuis

Accession #
JQ837249
AF458583
JX181771
DQ490105
KF958028
NC_039772
NC_039663
NC_039662
NC_039372
NC_039132
KY119381
JN596954
KT792832
JX181773
DQ522289
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complete or partial
complete
partial
complete
partial
complete
complete
complete
complete
complete
complete
complete
complete
partial
complete
partial

Table 6.S2 - Partitions and best substitution models supported by AICc performed in
Partitionfinder2 for nuclear only and combined nuclear and mitochondrial alignments.

Partitions
1
2
3
4
5
6
7

Mitochondrial and nuclear loci
Best Model
Range (bp)
GTR+I+G+X
1-18499
GTR+I+G+X
18500-20118
TRNEF+I+G
20119-21876
GTR+I+G+X
21877-23921, 38097-38605
TRN+X
23922-25691
TRN+I+G+X
25692-28952
TRN+I+G+X
28953-34209, 34210-38096

Inclusive Loci
mitochondrion
beta-tubulin
EF-1a
MCM7, ITS
18s
28s
RPB1, RPB2

Partitions
1
2
3
4
5
6

Nuclear loci only
Range (bp)
1-1634
1635-3404
3405-5449, 19993-20501
5450-7250
7251-10527
16048-19992, 10528-16047

Inclusive Loci
beta-tubulin
EF-1a
MCM7, ITS
18s
28s
RPB1, RPB2

Best Model
GTR+I+G+X
TRNEF+I
GTR+I+G+X
GTR+I+X
TRN+I
TRN+I+G+X
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Table 6.S3 - GenBank accession numbers for complete mitochondrial genomes and sequences of
beta-tubulin, EF-1a, MCM7, 18s rRNA, 28s rRNA, ITS, RPB1 and RPB2 for all specimens used
in this study (to be added upon submission approval by GenBank).
Genbank Accession Numbers
Species

Isolate

C. arbuscula

SUBJ-972

C. arbuscula

WRM1ARB-1

C. submitis

SUBJ-736

C. submitis

SUBJ-737

C. submitis

SUBJ-726

C. submitis

SUBJ-740

C. submitis

RJN-939

C. submitis

SUBJ-967

C. submitis

SUBJ-973

C. submitis
C. submitis
C. submitis

SNGSMIT-9
SNGSMIT-5
SNGSMIT-11

Collector
J. Hoffman &
Y. Ohmura
J. Hoffman
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura
J. Hoffman &
Y. Ohmura

Collection
Number

mitochondrion

972
210
736
737
726
740
939
967
973

J. Hoffman

451

J. Hoffman

445

J. Hoffman

454

C. submitis

IB6-SMIT

J. Hoffman

357

C. submitis

IB4-SMIT

J. Hoffman

356

C. submitis

IB7-SMIT

J. Hoffman

359

C. submitis

IB3-SMIT

J. Hoffman

278

C. uncialis

FEN-200

J. Lendemer

46391
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β-tubulin

EF-1α

MCM7

18s

28s

ITS

RPB1

RPB2

Figure 6.1 – RAxML phylogeny of C. submitis and allies in clade Arbuscula, using the complete
mitochondrial suite of 15 coding genes and rRNA, and eight nuclear loci. Species delimitation
results from BPP, mPTP and bPTP are displayed on the right. East Asian and North American
populations of C. submitis are noted in red and blue, respectively.
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Figure 6.2 - SVDQuartets bootstrap consensus tree of C. submitis and allies in clade Arbuscula,
using the complete mitochondrial suite of 15 coding genes and rRNA, and eight nuclear loci.
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Figure 6.3 - Cladonia miyabii. (A) holotype specimen, (B) coarse, ecorticate podetia, (C)
common wilted appearance of podetia and branchlets, and (D) the typical habitat for C. miyabii,
occupying high elevation habitat interspersed among dwarf shrubs, mosses and other lichen
species, (E) Cladonia submitis for comparison, and (F) a typical habitat for C. submitis,
occupying coastal sandy exposures on stable dunes or in pine barrens.
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Figure 6.4 - Microcrystal tests (MCT) from Cladonia miyabii specimens. A)
Pseudonorrangiformic acid crystal structure, and B) Pseudonorrangiformic acid crystals with
needle-like usnic acid crystals. MCT photos were provided by Yoshihito Ohmura.
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Figure 6.5 - (A) the disjunct distribution of close relative species Cladonia miyabii and C.
submitis, (B) the distribution of C. miyabii in Japan and Sakhalin Island, Russia, and (C) the
distribution of C. submitis in the mid-Atlantic coast of North America.
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Figure 6.S1 - Phylogenies inferred by RAxML for 18s rRNA (A), 28s rRNA (B), beta-tubulin
(C), EF-1a (D), ITS (E), MCM7 (F), 15 mitochondrial gene exons and rRNAs (G), RPB1 (H),
RPB2 (I), all eight combined nuclear loci (J), and all combined nuclear and mitochondrial loci
(K) for sequences of C. submitis, C. arbuscula and C. uncialis (outgroup).
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